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CHAPTER I 
INTRODUCTION 
Use of gas  a s  an insulator is as old a s  the · electri c a l  industry . 
Earl ier e lectrica l  appara tus  depended heavily on a ir a s  a n  insulating 
medium . W ith the deve lopment of  electrical  industries , need  arose for 
better insula ting gases than a ir. The need ma inly arose to develop 
gases  wi th better dielectric strength and therma l c onductivity resu lt­
ing i n  c ompact  and more effic ient des igns . The gases  a l s o  compe ted wit� 
the l iqu id  and s o l id d ielectrics for the same rea sons . Genera l ly , . the 
trend to higher voltages wi th l ighter , more compact . e qu ipment ha s helped 
to increa se the u se of  ga seous insulation . Uses  of  gases  for insulation 
purposes received a s trong impetus  upon the development o f  apparatus 
with more str ingent opera ting gradients . 
Hydrogen has been  used to some extent due to its exce l l ent  hea t  
transfer characteristics  and lower density ,  but i ts f lammabi l i ty ha s 
been a ma j or l imitation  for its wide acceptance . The l ow diele ctric  
s trength of  Nitrogen rules out i ts use for some appl ications. Th.e gases 
which  have invoked  a c onsiderable interest  in  the l a st  three  decades  
are so-ca l led " el ectronegative gases. "  They are ca l l ed " e l ectronega tive 
gases'' because o f  the abil ity of  their molecu les  to capture free elec­
trons which  resu l ts i n  the formation of  rela tively  immob i le , negative ly 
charged i ons . The abs ence of highly mobile  electrons i ncrea ses  the ir 
d ielectr i c  strength c ons iderabl y .  The.important ga ses  from the insula­
tion poi nt of  view ,  be longing to  this  ca tegory are : O cta fluoropropane 
( C3F8 ) ,  Octa fluorocycl ebutane ( C4F8 ) ,  Perfluorobutane ( C4F10) ,  and Su l­
fur Hexa l fl uoride ( SF6 ) .
1 The fluorocarbon ga ses genera l ly are ther-
mal ly more s tabl e than Sul fur Hexa fluoride . Genera l ly ,  Su l fur Hexa -
f luoride is  not recommended where opera ting tempera ture may exce ed 
150°c.  Some of the f luorocarbon gases have the tendency to decompose 
under the influence of corona or an  arc . However , Sul fur Hexa fluoride 
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pos sesses  outstanding current-interrupting abil ity a s  compared with the 
fluorocarbon gases . Sul fur Hexa f luoride is very popul ar for use as an  
arc-quenching medium in  high vol  tag€ circuit  breakers. Fluorocarbon ga s-
es , particularly C3Fg and C4Fg are extens ively used in dry type sea led 
transformers . 
The most important gas of f luorocarbon gases is  Octa f luoropropane 
( C3Fg ) which is commercia l ly known as  Perfluoropropane ,. meaning fu l ly 
fluor ina ted . The fol l owing l i sts some of  the characteristi c s  of  Octa -
fluoropropane as  an  in;ulating ga s . 
1. It possesses high dielectric strength at  l ower pres sures . 
2. Non-flammabl e and it  does not support combustion , therefore 
can be used in ha zard_ous places . 
3 . Low boi l ing point ( -37°C ) , can be used in apparatus  for colder 
c l imates without g iving trouble a fter prolonged shutdown . 
4. Good heat transfer characteris tics , resul ts i n  c ompa c t  des ign 
of  a pparatus . 
5. Chemica l ly a nd thermal ly stable  under . operating conditi ons . 
6 .  Non-toxic . 
· . .: 
I ts 
. I 
The fol l owing i s  the molecu l ar s tructure of Octa fluoropropane : 
F F F 
. I 
F - C - c - c 
F F F 
physical  and chem ical  properties 
Mol ecular Weight • • • 
Norma l Bo il ing Point • 
Freezing Point . . . 
Cri tical Temperature • 
Cri ti c a l  Dens ity • • • 
Cri ti c a l  Pres sure 
. . 
Vapor Pressure at  70°F • 
Therm a l  Sta bi l ity ,. • • 
- F. 
are : 5 
188 . 02 
11 . 9° c 
0 . 6  gm/cc 
26 . 4 atmos . 
1 1 4 . 8  psia . 
Does not decompose a t  tempera­
tures less  than 500�C • 
Chemic a l  S tabi l ity • • • • • • • Shows negl igible c orrosion in 
contact  wi th g l a s s  s i l i con or 
mild steel and s i l i c one rubber . 
Flammabil ity • • • • • • • • • • Non·-namma ble  a nd does not 
support combustion . 
Toxi c ity • • • • • • . Non-toxic . 
Coe ffic ient of  Therma l  Con-
ductivity (�a lcu l ated)  a t  70° F • 3 . 6  x 10 ca l/sec -cm-0c 
Spec i fi c  Heat  ( ca l cu l a ted-ideal  
gas ) at  90° c • • • • • • • • 39 . 60 cal/gm .  mol e  
Hea t  of  vapori za ti on a t  20° c • • -3 . 61 K ca l/gm . m o l e  
3 
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Octaf luoropropane gas i s  used in dry type sea led tra n s formers in 
network as  we l l  as distribution type transformers . 1 Particu larly ,  it 
is  of va lue  in ha zardous and semi-ha zardous l ocations . In the design 
of a transformer , it  is  necessary that it.is c orona free . Other poss i ­
ble uses are  found in c ompressed gas substations and transmis s i on l ines , 
wave gu ides and choppers . 
M .  L .  Manning , in his paper entitl ed Experi ence with the AIEE 
Subcommittee Tests· Cel l  for Ga seous I nsu latio n , 6 · has g iven some of the 
e lectri c a l  properties of Octafluoropropane a s  wel l a s  of  other gases . 
The tests g ive the rapidly appl ied 60 Hz vol ta ge breakdown strength and 
one minu te withstand vol tage tes t  breakdown s trength . Four types of 
e lectrode systems were used . These resul ts were conducted at room 
tempera tures and pressure . The impu l se voltage  brea kdown s trength of 
the ga s wa s given by L .  c .  Whitman in his paper entitled Impu l se  Vol -
tage Tes ts on Air and C3F8•7 The impu l se breakdown strength i s  given 
·' for l� x 40 A sec  impulse  wavesha pe us ing two types of e lectrode systems. 
These tests were conducted a t  room temperature and pressure . I n  an  
earl ier inves tigation in  this department , Edward Roman in  his thes is  
entitled Voltage Breakdown Strength vs . Temperature of  Octa fluoropro­
pane Ga s  Exposed to Uni form and Non-uniform Field, 8 ha s g iven results 
of 60 Hz rapidly  appl i ed and one minute vol tage withs tand breakdown 
strength tests on Octa fluoropropane gas up to 200° c .  Two types of  
e lectrode systems were employed in  his  work . 
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Purpose of the thesis: The purpose of my thesis is to investigate 
the impulse voltage breakdown stren gth of Octaf luoropropane gas as a 
function of the temperature of the gas. The standard 1.5 x 40f4sec. 
positive polarity impulse waveshape was used in alt the tests. The in­
vestigation was made with and without a weak source of irradiation 
present near the eel I. Two types of electrode systems were used: three­
fourth inch sphere to grounded plane which represented a fairly uniform 
field, and a point to grounded plane representing a high ly non-uniform 
field. The tests were carried out tr6m room temperature to a temper­
ature of 150°C. The impulse ratios of the gas was also p lotted usf'n g  
some of the d ata from Roman's thesis.a Impulse Ratio is defined as the 
ratio of the imp u I se crest vo I. tage strength and the crest va I ue of 
60 Hz one minute voltage withstand test. Jt is a very important factor 
for designers from an insulation co-ordination point of view. 
CHAPTER II 
REVIEW OF LITERATURE 
Much work has been done for electrical breakdown characteristics 
of electronegative group of gases. The pioneer work in this area was 
published by Messrs G. Camilli, R. E. Plump, J. D .  Corbine, C. N .  
Wo�ks and T. w. Dakin,2,3,4 as well as by other researchers. However, 
in the literature.one does observe the inconsistency of many test 
methods used and also in the several types of electrode systems em­
ployed. In the past, investigators have used several types of elec­
trode systems which we.re sphere to sphere (with varying diameters), 
sphere to rod, sphere to plane, plane to plane, rod to plane, rod to 
rod, etc. This resulted in the difficulty in comparing the datas given 
in different papers. 
M.  L. Manning in his paper entitled Experience with the AIEE Sub­
committee Test Cell for Gaseous Insulation,6 gave recommendations 
regarding the types of electrode systems to be used for gaseous evalu­
ation. He used four types of electrode systems: Electrode System A 3/4" 
diameter brass sphere to 1·3/4" diameter brass. plane, Electrode System 
B 1/2" square brass rod to 1•3/4" diameter brass plane, Electrode System 
C 3/4" diameter brass sphere to. a l" square projected brass rod, and 
finally Electrode System D, a 1/2" square brass rod to a l" square pro­
jected brass rod. To obtain consistent resul t.s, use of a 0 . 9  megohms 
resistor was suggested for 60 Hz voltage tests. For impulse voltage 
tests solid grounding of the bottom electrode was recommended. The 
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results of the 60 Hz rapidly applied voltage breakdown tests conducted. 
on C3Fg, SF6, N2, and Air under uniform field conditions at room temper­
ature and pressure showed that C3Fg.had a breakdown strength 1.87 times 
that of air for 0.1" gap spacing and 2.25 for 0. 5" gap spacing. For 
one minute voltage withstand test, the ratio of the breakdown 
strength of C3F8 to air, under uniform field conditions was found to be 
2.09 at 0. 1" gap spacing to 2.25 at 0.5" gap spacing. The same tests 
were conducted to evaluate the positive polarity impulse breakdown 
strength of the gases. The desirability of using more than one set of 
electrode systems in the cell to obtain varying kinds of electric . 
fields was suggested byM.L.Manning for the evaluation and comparison 
of the voltage breakdown strength of various gases. 
In another paper, M. L .  Manning and E. D .  Padgett1 studied the 
60 Hz voltage breakdown strength of c3F8, SF6, N2 and air using a test 
cell with and without a directly grounded bottom electrode. Impulse 
Voltage breakdowns of mixture of c4F8, N2 and c3F8 was also studied. 
The need for standardization of the test cell and kinds of electrode 
systems was strongly demonstrated by these investigators. 
L. C. Whitman in his paper entitled Impulse Voltage Tests on Air 
and c3F8,7 compared the impulse voltage breakdown strength of c3F8 and 
air. Two types.of electrode system were used: a l" diameter brass 
sphere to a i .. 3/ 4" diameter square-edged brass plane, and a 3/32" 
diameter tungsten rod, with a 25° sharp point to a �-3/4" diameter 
square-edged brass plane. All the tests were conducted at room 
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temperature and pressure. The impulse breakdown with both positive and 
negative polarity impulses of 1·1/2 x 40}-c sec waveshape was discussed. 
His results showed that for the spnere to plane electrode system, the 
breakdown voltage ratio of C3Fg to air for positive polarity impulse 
varied from 3.30 at a 0 .0511 gap spacing to 2.50 at 0 . 35" gap spacing, 
and finally to a ratio of 3.0 at 0.7�' gap spacing. For the same kind 
of electrode system, with negative polarity impulse voltages, this ratio 
varied from 2.54 at 0 .25" gap spacing to 2.60 at a 0 .50" gap spacing and 
finally to 2 .7 at a 0. 63" gap spacing. For positive polarity, the ratio 
varied from 2.50 at a 0 .5" gap spacing to 2 .35 at 1.0" gap spacing for 
point to plane electrode systems. For negative polarity impulse, using 
the same electrode system, the ratio varied from 4.85 to a 0 . 4" gap 
spacing to 2 .5 at a O.o/' gap spacing. 
In comparison with the research devoted to other aspects of voltage 
breakdown phenomena, relatively lesser attention has been given to the 
effects of high temperatures on the breakdown strength of gaseous in­
sulation. Alston9 studied the effects of high temperatures on direct 
current voltage flashover in air. Paschen's Law was confirmed for 
temperatures up to ll00°K ·in air under uniform field conditions. 
Paschen's Law states that the voltage breakdown of the gas in a uniform 
field is proportional to the product of the electrode gap spacing and 
the pressure of the gas. Alston9 found the flashover value of air to be 
independent of electrode material. The electric br�akdown strength was 
inv�rsely proportional to the absolute temperature for temperatures up 
9 
to l l00°c .  He concluded tha t hot spots on electrode surfa ce  under uni­
form field  conditions reduce  the breakdown strength o f  a ir .  Under non­
uniform f ie ld  conditions this effect wa s found to be l es s . 
Sharbaugh , Watson , White , Lee and Gr€enwoodl0  s tudied the breakdown 
strength of  Nitrogen a t  high temperatures us ing a shock  tube . Temper­
atures  a s  hi gh a s  4,000 K0and gas velocities a s  high a s  2 , 500 m/sec  
were a tta ined by us ing a shock wave to  heat  and a ccelera te the gas  
between a pa ir of  e lectrodes l ocated ins ide the shock tube . I t  was con­
c luded that d . c .  vol tage  breakdown strength of N2 a t  4 , 000° K decrea ses  
to  ha l f  of  its room temperature va lue . This drop in  breakdown strength 
a t  high temperatures was a ttributed to a thermal ly i on i zed condi tion �f . 
the gas . At  4 , 000° K, remarkably high pre-breakdown currents were ob­
served . Paschen's Law was found to hold  true for tempera tures up to 
l,l00° K .  These tests were conducted under a non-equ i l ibr ium ga s sta te 
whereas  i t  would have Been more des irable to determine resul ts under an 
equ i l ibrium gas s tate for fundamenta l work. 
Roman8 carried out a n  investigation to eva luate the 60 Hz vo ltage 
breakdown s trength of c3F8 gas for tempera tures up to 200°c .  The . 
phenomena was s tudied under uniform as  we l l  a s  under non-uniform field 
conditions . The vo l tage brea kdown strength of c3F8 wa s  found to de ­
crease  s l ightly or rema in c onstant a s  the tempera ture was increa sed , 
both in presence as wel l  a s  in absence  of a weak irradiation source . 
Under non-uni form fie ld conditions , the vol tage breakdown s trength , with 
or without irrad�a tion , wa s found to decrea se with tempera ture . 
CHAPTER I II 
BASIC  THEORY 
The fol l owing i s  the l ist of the symbol s  used .in  the deriva tion 
of var i ous equations to represent the phenomena of electr i c  d ischarges 
through ga ses: 
o( = Townsend's first i onizati on coeffic ient 
n0 = number of  electrons emitted per second from ca thode 
d = di sta nce between cathode-and a node 
x = distance of the sma l l lamina c onsidered from the cathode 
d = thi ckness of the sma l l  lamina x 
E = electric  field strength 
nx 
= number of  electrons passing through the lamina per 
nd = number o f  electron reaching 
I = 0 initi a l  current through the 
photons 
I current through the gas  
the anode per second 
gas  due to irrad i a tion  
second 
a nd 
n0' = number of secondary electrons produced per second a t  cathode 
n 0" = tota l number of elec trons per second l ea vi ng the cathode 
)I' Townsend's second ioniza tion c oefficient 
The groundwork for genera l theory of electric discha rges through 
ga ses was l a id by Townsend a nd his co-workers between 1900 a nd 
1920.l l , 12,13 In the fol l owing years, the Townsendts theory of el�ctr ic 
discharges was improved and extended. The most importa nt extension work 
1 1  
was done by Loeb and Meek,12 who proposed streamer theory of electric 
discharges in 1936 . The original Townsend's theory is applicable for 
electrical discharges at lower pressures (far below atmospheric pres­
sures ), whereas the streamer theory is applicable. at higher pressures. 
The Townsend's theory of electrical discharges has two regions, Pre-Spark 
characteristics and Townsend's criterion for spark breakdown. 
A. Pre-Spark Characteristics 
The typical pre-spark volt-ampere characteristics of any gas 
placed between two electrodes which produces a fairly uniform field 
condition, is shown in Fig. 1 . It is obtained by increasing the anode 
to cathode voltage from zero to higher values until breakdown of the 
gas occurs. The volt-amperes characteristics considered here are for 
constant external irradiation and for a low gas pressure. 
As the magnitude f the applied voltage is increased from zero, 
the current through the gap increases slowly. The current in the gap is 
due to the movement of already existing ions and electrons. These free 
electrons and ions are present because of external irradiation or 
photons, etc. Since the current is very small, it will not upset the 
equilibrium. Its value will be proportional to electrons velocity and 
the applied voltage. The mobility of electrons is nearly constant. 
Therefore, the current will be proportional to the applied voltage only. 
The gas acts like an ohmic conductor from point 0 to point A on the 
characteristics curve on Fig. !. This portion is called a space charge 
limited region. 
..+.) 
� 
� 
0 
0 
Breakdown occurs . \ 
L- Space charge �I< Saturated Region ) Townsend's C ii " ... .... i · it d • 71 � �i 1m e region: tli h J¢ · . sc arge reg� in 
I 
I 
I 
A B 
..... 
Inter-Electrode Voltage 
Breakdown Voltage 
Fig,.l Pre-Spark Volt-Ampere characteristics �f a gas between two electrodes. 1--' 
I\) 
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However a s  the appl ied vo ltage i s  increased beyond point A ,  the 
equ i l ibrium would be upset by the number of e lectrons a nd i ons which 
reach the anode and then are neutral i zed . This  would  increa se the ef­
fective recombination coeff i c ient and therefore would  reduce the tota l 
number of charged parti cles present . Consequently ,  the rate of in­
crease  of curr ent with volta ge would  decreas e .  On the cha racteristics  
curve from point  .A  to point B ,  the current does  not depend upon the 
vol tage . This  portion is c a l led the satura tion region . 
Beyond the sa tura tion region beginning a t  point B ,  a s  the vol tage 
is  increased , the current aga in becomes dependent upon the appl ied vol t­
age . The current increases sharply as the appl ied vol ta ge is increas�d .  
Thi s  region i s  ca l led the "Townsend discharge reg ion" . The current 
bec omes  infinite as the app l i ed voltage is increased further . The ap­
pl ied vol ta ge at which the current becomes infin ite is ca l l ed the break­
down vol tage . The magnitude of the breakdown vol tage  depends upon many 
fa ctors such a s  the ga s condition , e lectrode surface  c ondition , a nd 
geometry a nd e lectrode spacings . 
Townsend introduced a coefficient ''°'" known as Townsend's first 
ionization coeffic i ent , to e xpl a in the sudden increas e  in  discharge cur­
rent prior to the gas breakdown . The coefficient "o(." i s  defined a s  
the average  number o f  i oniz ing col l i s ion made by one e le ctron per cm . 
drifting i n  the direction of  the e l ectric field . At a d i s tance  x from 
the cathode , the number� the number of  e l ectrons wi l l  have increased 
from n0 to nx by i oni zing col l i s ions . These nx e l ec trons , in  traversing 
274285 
: .. : vUTH D,:\J'07� 
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the lam ina dx at x in  the dire c tion of the f ie ld E ,  w i l l  genera te ,  by 
ionizing col l i s ions , new e lectrons and pos itive ions, such that 
(1) 
In the above relation , recombination and diffus ion i s  neglected . 
By integrating from cathode to the plane , we get 
l 0 dnx ---
n 
J�dx 
0 
or, i f  o<. i s  independent of  x 
(2) 
Therefore , the number of  e lectrons strik ing the anode per second 
nd a t  x = d w i l l  be g iven by 
Le., on the average , each  electron , leaving the cathode ,  produces 
( e�d - 1 )  new e l ectrons and pos itive i ons before reaching the anode . 
The current in the gas is due to the movement of electrons and 
(3) 
pos itive ions  in the gap . In  the steady state , the number of  pos'itive 
ions reaching the cathode per s econd j ust equals to the number of  newly 
formed e lectrons reaching the cathode , so that the current wil l  be given 
by 
(4) 
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The above equation g ives a steady state relation value of the cur-
rent . The current  does not represent a s e l f  susta ined discharge since 
i t  depends upon I0• 
The current growth equa tion , with secondary mechani sm ,  wa s derived 
by Townsend by introducing a second ionization consta nt "Y". I t  i s  
defined a s  the average  number of  secondary el ectrons produced a t  the 
ca thode per i on i z ing c ollis ion in the gap . 
The total number of electrons per second l eaving the cathode would 
be the sum of number of e l ectrons emitted per second from ca thode and 
number of  secondary electrons produced per second a t  ca thode . 
(5) 
Ea ch electron l eaving the cathode produces ( e�d - 1) c oll i s ions in the 
gap, therefore , the number of i oni z ing collis ions per second in the gap 
wil l be equal to n0(e"d - 1), a nd by definition of  Y, 
.. 
no ' = Y no" ( e
o<.d - 1)  (6) 
Substituting the va lue  of nd in equa tion (6) 
no 
" = n + no " ( e d - 1) 0 (7) 
or 
,, no no 
1 - Y( e°'d - 1)  
( 8 )  
from equa tion ( 3 ) , the number o f  electrons reaching the a node i s  given 
by 
n - n " e�d d - 0 (9) 
/ 
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so tha t  
no e
o(d 
nd 
= 1 - Y ( e«-d - 1 ) 
(10) 
In the steady sta te , the current in the gap  wi l l  be gi ven by 
I o e
o4d 
I = 
1 - Y ( e°' d  - 1 ) 
( 11) 
The c urrent therefore increa sed from its previous va l ue by virtue 
of the term v ( �d. - 1 )  whi ch becomes significant for higher va l ue of d. 
The va l ue of  Y, which varies widely and is a lways l ess tha n  un ity , de-
pends upon the nature of the ga s as wel l as  on the electrode materia l.  
In the derivation of  the above relation , the effect of a tta chment is 
neglec ted. The process in which an elec tron , col liding with a neutra l 
partic le ,  forms a negative ion is ca l led atta chment. The a tta chment 
effect wou l d  tend to reduce the va lue of current a t  higher va lue of 
electrode separa tion because of loss of electrons by a tta c hment. 
B. Townsend's Cr iterion for Spark Breakdown 
Equati on (11 )  shows tha t the va l ue of the current woul d become 
theoretica l l y infinite if 
1 - Y ( �d 1 )  = 0 (12 ) 
On the chara c teristic curve , this represents the sudden increa se 
in the current to a very high va l ue. The a bove equation , therefore, 
forms a brea kdown criterion. Equation (12 ) can be rewritten a s  
yetAd == y + 1 (13 )  
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or , s ince 
yec4d = 1 ( 1 4) 
This  i s  known a s  the Townsend's criterion or the sparking criterion . 
S ince the above equation does not depend upon irradiation a nd presence 
of photons , we have a sel f  susta ining dis charge . 
C. Streamer Theory of Breakdown 
The branched a nd irregular growth of  sparks in long gaps was dif-
ficult  to  reconc i le with the Townsend's theory . L oeb al'}d Meekl2 pro-
posed the s treamer theory of  spark for positive s treamers . Raetherl2 
proposed s treamer theory from negative s treamer independentl y . The 
streamer theory essentia l ly describes the spark d i scharge from a s ingle 
ava lanche which in i tsel f trans fers into streamers resul t ing  i n  the 
breakdown . 
.. 
The pos itive s treamer from the anode as  origina l ly developed by 
Loeb a nd Meekl2 under uni form f ield conditions is expla ined a s  fol l ows : 
An ava l anche i s  initiated by a free elec tron's col l i s i on with a gas 
molecu le . The electron ion i zes the gas molecules and also produces ex-
c ited a toms . These exc i ted atoms g ive of photons whi ch in  turn i on i ze 
more molecule a nd a ls o  produce more electrons .  As  a consequence , i t  
resul ts in  large amounts of  photoioniza tion o f  ga s molecules in  the 
spa ce ahead o f  the streamer an4 the large loca l enhancement o f  the 
electr ic f iel d by the i on space charge a t  the .tip of  the streamer . The 
spa ce charge produces a distortion of  the f ield in  the gap .  The posi -
tive i on m a y  be a s sumed immobile  as  compared with the rapidly  moving 
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electrons . The aval anches develop a cros s the gap a s  a c l oud of  e lec -
trans leave the positive i ons spa ce charge behind . 
When the ava lanche crosses the . gap , the electrons a re swept a cross 
the gap as shown in Fig . 2 ( a ). The ion density is  l ow except for the 
highly l oca l i zed space charged field produced near the a node. There-
fore , the presence of  the pos itive ions a lone does not in  i tse l f  con-
stitute breakdown in the gap. 
The electrons produced by the photons emitted from the densely 
ionized g a s  initiate auxi l iary ava l anches which aga in are directed 
toward the ma in ava lanche . The grea test mu ltipl icati on in these · 
auxi l iary avalanches occur a l ong the axis of  ma in  ava lanche .  This is  
because of the fa ct  that the spa ce charge field i s  supplemented by the 
external f iel d . Positive ions are left behind and the process  devel ops 
as a sel f-propagating stre amer a s  shown in Fig. 2 (b ) . The s treamer 
.. 
forms a c onducting f i lament of  highly ionized ga s between the electrodes 
a s  shown in F ig. 2 ( c ) . A backstroke develops and breakdown fol l ows . 
On very l ong gaps , the s treamer may not reach the cathode a t  a l l. A 
number o f  sec ondary s treamers may develop which too may not reach  the 
cathode and the breakdown does not occur under thi s  c a se . 
D .  Breakdown in  Electronegative Ga ses 
The electronega tive ga ses are chara cterized by the abi l i ty of their 
molecule to c apture free electrons to form relatively  immobi le negative­
ly charged i ons.20 S ince negative ions l ike positive i ons are too 
ma ss ive f or producing col l i s i ona l i onization , a tta chment represents an 
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effective way of removing free electrons whi ch otherwi se woul d  have 
contr i buted to ava lanche development. 
Examples of the atta chment processes are: 
Direct atta chment - X.Y + e � xy-
Dissoc iative atta chment - XY + e � X + y-
Here X i s  usu a l l y  an  a tom of carbon or sul fur and Y i s  a ha logen 
atom. The above rea ction results in  electron capture, thus preventing 
electron ava l anche formation and thereby increasing the d i el ectr i c  
strength of the ga s. 
E. Breakdown Under Impul se Vol ta ge 
Under impu l se vol tage condi tions , the breakdown characteristi cs of 
a d.c. field are appli cable. In impul se vol ta ge breakdown , the current 
is very low a fter the d issi pation of the energy assoc iated with the 
initi a l  high vol tage pul se. The discharge i s  then unsta bl e  a nd the gas 
.. 
/ 
would de- ionize soon to rega in its diel ectr i c  strength. Al stonl4 
showed that in  many ca ses , arc initiation may occur at  values of appl ied 
voitages well below those requ ired by the slow criterion , but there is 
a l imit bel ow which arc initiation is  not possible. He a l so indicated 
tha t discharge characteristics is  dependent upon the cond iti on of the 
electrodes , however the current value wa s al�ays in the range of 0 . 1 to 
0 .7 amperes. 
A. Impul se Vol tage Test Set 
CHAPTER IV 
EQUIPMENT 
The fu l l  wave impulse vol tages were obta ined from a Westinghouse 
portable impu l se generator with maximum output rating o f  125 kV . The 
generator uses a three sta ge Marx paral lel cha-rge series d i s charge 
capa citor c ircuit . · It cons ists es sentia l ly of three condensers , spark 
gaps and resi stors connected such tha t the condensers are charged from 
a relatively l ow vol tage d . c .  s ource and are discharged in ser ies to 
g ive a high voltage pul se of short duration across the tes t  piece . 
Upon triggering , mechanic a l ly ,  by an electr ic motor , the f irst set of 
spheres were shorted . This  would  cause the remain ing  two sphere gaps 
to breakdown a cross their a ir gaps . Thus , the triggering would put a l l  
the three charged capacitors to discharge in series through the test 
object as shown in F i g . 3 . The discharge voltage at  the output terminal 
would  be slightly less than three times the vol tage a cross s ingle 
condenser. This is due to vol tage drops across the interna l  sphere 
gaps and the wave shaping res istor . 
The charging  equipment cons isted of  a step-up transformer and se­
lenium rectifier unit .  The charging vol tage ·could  be varied smoothly  
from zero to maximum by means o f  a voltage regulator in  the primary 
circuit o f  the step-up trans former . The control knob of thi s  regula tor 
wa s l ocated on the c ontrol  cabinet panel . The condenser of each stage 
of  the genera tor con s i sted of a large number of a skarel impregnated 
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condensers assew.bled in series and paral lel arrangement and the whole 
as sembly  was enclosed in  an insulating container . One terminal  of the 
condenser bank was grounded . The other terminal was insulated from 
ground to withstand the ful l  magnitude of discharge vol tage rated at 
125 kV . A vol tage impul se of pos itive and negative polarity could be 
obtained by connecting the charging c ircuit to give the des ired polar­
ity . 
The control cabinet contains a microarruneter that  reads microamperes 
proportional·to the charging vol tage .. of one condenser . A throw switch 
on the control cabinet panel provides a reading on the microammete� 
which is  proportional to the gap spacing of the internal sphere gaps . 
Two push buttons are provided , one for increas ing or decreas ing the 
inter stage gap spacings and the other for triggering the impul se gen­
era tor . 
The waveshaping circui t  is des igned to g ive an output  pul se of 
it x 40 � sec . duration . The mathematical analysis  and des i gn of the 
waveshaping circuit is given in the Appendix III. The waveshaping re­
sistors used are wire -wound type. A res istance voltage divider in  the 
waveshaping circuit is incorporated to provide the input  vol tage to the 
osc i l l oscope .  A 40 foot coaxial cable is  u sed to connect  the osc i l lo­
scope to the voltage divider . The oscil l oscope ,  used to observe the 
waveshape , is a Tektronix type 50 High Voltage Surge Tes ting Os c i l l o­
scope .  A high speed Polaro id camera is  mounted on the osc i l l oscope to 
take the pictures of the impulse waveshape . The vol tage cal ibration 
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of the c ontr o l  pa ne l  meter is a c compl ished by the osc ill osco pe as we l l  
as by 6.25 cm . d iameter sphere g a ps, as g iven i n  .Append ix IV. A contr ol 
c ircu it is employed f or syn chron iza�ion of tr ipping o f  the impulse 
generator with t he osc i lloscope . The impu lse generator a nd the wave -
sha ping c ir c u it a re shown in Fig . 3 . 
B .  Gas Test C e l l  
Two types o f  test c ells were used i n  the testing o f  the gas . Both 
c ells were ma nu fa ctured by Messrs . M .  J. Seavy and Sons, New York . The 
test c ells were designed a nd ma nufa cture d  as par r e c ommenda t ions o f  
ASTM Sta nda rds - part 29 . These spec i f ica tions a n d  recornmend at i ons were 
a pprov ed by Sect ion III of the Electr ic a l  Test C omm itte e  N of ASTM C om ­
mittee D-27 on Electr ical Insu l a ting L iqu ids and Ga ses •18 Round-Rob in 
tests on diel e c tric strength of gases by use of thre e  d if f ere nt test 
cells were ma d e  in 1961.6 The inside featur es a nd d imens i ons of both 
.. 
the c ells a r e  shown in F ig . 4 a nd F i g . 5 .  The inside volume o f  both 
the c e l ls was 20 . 8  cubic inches . 
Ea c h  c ell has a two irich i nside diameter by e ig ht i n ch long hol l ow 
pyrex g l a ss cylinders . On ea ch end o f  the· g la ss cylinder, a n  a lum inum 
end r ing is a tta ched with a te f l on gask et between the g la ss a nd the 
metal ring . The g asket a l so a cts as a c ushion betwe en the glass a nd 
the r ing . On the lower end o f  the g lass cyl inder, a c yl indr i c a l ste e l  
plate i s  a tta ched, with bolts, which have a n  atta ched f ixed brass 
ele c trode system a nd a high temperature valve . On the t o p  end o f  t he 
glass cyl inder a nother cyl indrical meta l plate o f  a ha l f - in c h  thic k  
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is  held f irmly w i th three bol ts . This upper end electrode has a n  
e lectrode sha ft in  the center . The ins ide end of the sha ft holds the 
upper electrode. Two high temperature Tefl on "0" rings are used as  
sea l s .  One i s  pl a ced between the upper end plate and pyrex g l a s s  and 
the other between the l ower meta l plate and pyrex g l a s s  cyl inder . The 
outer ring ha s a "buil t in" micrometer to adjust  the electrode gap  
spa cing . 
The electrode sys tem in the first test cel l ( South Dakota State 
Univers ity# 56667 ) ha s a 3/411 diamet:er brass  sphere and a 1-3/4" 
diameter brass  grounded plane as  electrodes . At sma l l  s pa c ings , the 
electric field between the two electrodes would be a lmos t  uniform i f  a· 
vol tage i s  appl ied between the two electrodes . The other cel l  ( South 
Dakota State University # 53508) has a 3/3211 diameter tungsten rod , 
sharpened to a point a nd a 1·3/4" diameter brass  grounded plane .  The 
field between the two el-ectrodes would  be highly non-uniform i f  a vol t-
, age i s  a ppl ied between the two electrodes . The c omposition of  the brass  
used in  the electrode system wa s unknown . 
A high tempera ture va lve is  provided in the cel l for f i l l ing the 
test  cel l with ga s .  The val ue is capable of withstanding temperatures 
up to 35o0c. Suitable provisions were provided for connecting the upper 
electrode to the high vol tage termina l and lower electr ode with ground . 
C . The Oven 
A Blue M Electric  Company manufactured automa tic?l l y  tempera ture 
contro l led model CFD-20C-l electr ic oven wa s used for the purpose o f  
2 8  
he at i n g  the t e s t  ce l l .  The aut omati c con trol cab inet p an e l for con­
trolling the des ire d  temp e rat ure aut omat i cally w as manufacture d- by 
H oneywe ll Corporat i on .  The ins ide dimens i ons of the oven are 2 0 "  high , 
2 0 "  deep an d  24" wi de·. The oven h as a he ating range of room temperature 
to 6 5 0° C .  The oven is equippe d  wi th a b lower wh ich . con tinuous ly cir­
culates the he at e d  air ins i de the oven . The oven has two porthole s , 
one for h i gh voltage le ads and the other for low volt age leads . A cy­
lindri cal cerami c insulat or , made by the Art Dep artment at South Dakota 
S t ate Uni ve rs ity , w as  us e d to insulate the inc omin g h i gh voltage lead 
from the imp uls e generator , to the oven from the oven b ody . The body 
and frame . of the oven was s olidly groun de d . A gap sp acin g of O .  l" was 
us e d  in th e  tes t  ce l l .  The cerami c ins ulator was n ot cap ab le o f  with­
s t anding i mp uls e volt ages hi ghe r than about 6 0  k V .  The oven d o or i s  
equipped with a s afety in te rlock device whi ch dis conne cts t h e  p ower 
s upply to the high volt age s ide of th e impuls e  generator i f  .the oven 
door is not close d .  
D .  Source o f  I on i zation 
A we ak radi at i on s ource w as us e d for ioni zat ion purp os e s  in s ome of 
the te st s .  The radi at i on source an d  its · pos i t i on , re lative ly , t o  the 
test ce ll was essenti a l ly the s mr..e as that used by Ke i th E .  Crouch in 
his thes is en tit le d  "The E ffe ct of Wave Shap e  on th e Electri cal Break­
down of Nitrogen Gas " ,  �6 and als o by Edward J. Roman in his the s i s  en­
title d " Vo lt age Bre akdown S trength vs . Temperature. of O ct afluoroprop ane 
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Ga s Exposed to Uni form a nd Non-Uni form Fiel ds 11 • 8 The source used wa s a 
mil l i curie of  radium in  a lead can  1 . 3" thick  on the s ides . No spec ial  
precautions  were required i n  the han9l ing of  the irradia ting  source 
since the irradia tion level  of  the source wa s lower tha n  sa fe level a s  
prescribed by U .  s .  Atomic  Energy Commiss ion . The sa fety check wa s 
done by a Gei ger Mul ler Counter . The source wa s pla ced a t  approximately 
18- 3/4" away from the electrode l ine of  the test cel l. It wa s pla ced 
just  outside the lert wa l l o f  the oven . It wa s found that the oven 
wa l l  had v irtua l ly no effect on the <:: ount ra te .  It wa s a s sumed tha t 
ioni za tion in the test  cel l wa s primari ly due to l ow energy gamma xays 
. since beta ra ys would  not penetra te through the pyrex g l a s s  test  cel l  
wa l l s . 
CHAPTER V 
TEST PROCEDURE 
A .  Me thod o f  Cleaning Te st Cells 
Be f or e  a ny tests wer e made, the cell wa s dis a s s embled a nd the 
ele ctrodes were prepa red ( s a nded ) . The lower ele ctr ode s u r fa c e  wa s 
first s a nded w ith s ilicon c a rbide pa per of g rade 240A f ollowed by 
grade 320A and f inally with grade 500A . The u pper elec trode wa s pre ­
pa red only w ith the f ines t grade 500A . A l l  ele ctr odes, exc ept the 
u pper elec trode of the po int to pla ne sys tem, were p ol i shed on a n  
ele ctr i c  r ouge wheel . The preparati on o f  the ele c tr ode s wa s done to 
remove a ny pits that m ight have developed on the ele ctr od e  s u r fa c e  du e to 
sparkover during impulse te sting . 
All ins id e  pa rts of the c e ll were w a s hed with t a p  water , thoroughly 
rinsed with d i st illed wa ter a nd f inally w ith a c etone . The c ommer c ial 
gra de of a c etone u s ed a cted a s  a drying a g �nt . The te s t  c ell parts 
were s e t  a s ide f or about two hours to dry and were r e a s s embled a ga in .  
I t  wa s importa nt that a fter the a s s embly, the te st c ell s hould be per­
fectly a ir tight . Thi s  wa s  che c ked prior to f illing the c ell with g a s  
a s  des c ribed in the me thod o f  f illing the te st c ell . 
B .  Te s t  Cell Ga p S pa c ing Adj u stment 
The m icrometer of the test cell wa s u sed in s etting the de s ir ed 
ga p  betwe e n the h igh v olta g e  ele ctrode a nd the gro und ele ctr ode . The 
g a p  u s ed in all tDe te s ts wa s 0 . 111 • The greater ga p spa c ing would r e ­
sult in h ig her brea kdown volta g e s � Greater gap spa c ing wa s n ot u s ed 
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s ince the c eramic insulator on  the high voltage l ead  ins ide the oven 
wa s not capabl e of withstand ing impu l se vol tages higher than a bout 60 kV . 
Adjustment of the gap spac ing was done by us ing a n  ohmmeter . One 
termina l of the ohmmeter �va s connected to the high·  vol ta ge term ina l of 
the cel l while  the other termina l wa s connected to its ground term ina l .  
The m icrometer was turned down unti l the high vol tage e lectrode o f  the 
te st cel l just  touched the l ower ground e lectrode . Upon c onta c t ,  the 
ohmmeter would ind icate an a lmost  zero res istance . The zero gap spacing 
was recorded and 0 . 1" wa s added to i t . The micrometer wa s a djusted to 
this new reading .  
The ga p spa cing would d ecrea se a t  tempera tures higher than room 
tempera tures due to expans i on of various tes t cell part� . S ince most  
of the tes ts were conducted at  tempera tures higher tha n room tempera -
ture , a method a s  g iven in Appendix VI wa s employed to offset  the 
decrea se  i n  the ga p spa cing . The amount by which the test c e l l  gap 
decreases  can be c a l culated from the data given in Table II . The tem­
perature a t  whi ch the impu l se voltage test  i s  to be conducted i s  known . 
The micrometer wa s a ga in  adj u sted by the am ount ca l cu l ated . Thu s ,  the 
a djustment wou ld  take into a ccount the l inear expans i on o f  the e l ec ­
trodes . 
C .  · Method of F i l l ing the Test Cell With Ga s 
The a ppara tus used in the f i l l ing of the test  ce l l s  i s  shown i n  
Fig . 6 .  The  appara tus i s  ba s ica l ly the same as used by  Roman , 8 except 
for m inor changes .  After setting the e lectrode gap  spa c ing , the cel l 
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was c onnected to the ga s-fi l l ing appara tus as shown in F ig .  6 . 
I n  order to be sure that · the cel l  wa s assembled a ir-tight , va lves 
sc3 and sc4 were cl osed and the va lves sc7 and sc8 were opened . The 
va cuum pump then wa s switched on unti l the pressure in the cel l  dropped 
to a bout 5 mm of Hg . a s  indica ted on the vacuum gauge . Then , i t  was 
switched off  and va lve SC7 wa s c losed . If  the test  cel l were a ssembled 
a ir-tight , the vacuum gauge reading would not change with time . This 
check was necessary to  ensure that no gas escapes from the test  cel l 
whi le it  is being hea ted or tested . 
To f i l l the test  cel l with ga s ,  the va lve sc0 on the ga s cyl inder 
was opened while valve sc1 wa s kept closed . The Gas Regu l a tor wa s ad­
justed to a l l ow the ga s to exist  at l ow pressure of  about  5 to  7 
lbs/s q . in .  Va lves  sc2 , sc5 , sc6 and sc9 were then opened whi le va lves  
SC1 , sc3 , sc4 and sc7 were kept c losed . Leveler tube L 1 wa s ra ised 
unti l the level o f  S i l icone Oi l  in the leveler tube L2 wa s just  up to 
valve SC2 which was then c losed . Care was taken so tha t S i l i cone Oi l  
did not  pa s s  through the va lve sc2 • The spherica l gas reservoir and  the 
system wa s eva cuated by the vacuum pump . I t  wa s done by c l os ing va lue 
sc6 a nd opening sc3 , sc4 and sc7 and the va cuum pump wa s switched on . 
The system wa s evacua ted to a pres sure of  3 to ·5 mm of Hg . a nd then the 
va lve wa s c losed and the pump wa s switched off . Now the system wa s 
fil led with the gas . Va lve sc7 wa s opened and the gas was a l lowed into 
the a tmo sphere through the bubler tube at  a medium rate . After two or 
three minutes , valve SC6 wa s opened very s l owly .  This wou l d  a l l ow the 
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gas to f i l l  the evacua ted system . Valve SC6 wa s kept opened unti l the 
system was f i l led with the pres sure nearly equal  to the a tmospheri c 
pressure. Va lves  SC6 , SC9 a nd SC1 were then closed and the sys tem wa s 
eva cuated a nd refilled with the gas a s  be fore . 
Wi th valves SC1 , SC6 a nd sc7 closed and the system f i l led the ga s ,  
va lve sc2 wa s s lowly opened . S imultaneously ,  leveler tube 1 1 was 
lowered slightly so that no oil would  pass  through valve sc2 • I f  any 
oi l had pa ssed beyond va lve sc2 , then the overflow tube wa s taken out 
and c leaned . The escaped S i l icone Oil , i f  any , may cause erra tic break-
down of  the ga s. Va lves sc4 and sc5 al lowed the ga s reservo ir to be 
connected or disconnected from the s ystem whi ch a ided i n  the pressure 
adj ustment of the ga s inside the tes t  cel l. The leveler tube L 1  was 
ra i sed or lowered to adjust in the cel l  to the des ired level . A fter 
this pressure adjustment ,  va lves sc8 and sc2 were c losed . A l so valves  
.. 
sc3 and sc4 were c losed whi ch would prevent any escape of  ga s while the 
test cel l  wa s taken out of the s ystem . The high tempera ture va lve sc8 
wa s permanently connected to the cel l .  The cel l  wa s then put in  the oven 
for hea ting and testing .  
The desired level of pressure a t  whi ch the gas  wa s f i l led in the 
test cel l  can  be c a l culated as  g iven in Appendix V • Thi s  pressure ad-
j ustment would  f i l l  the test  cel l  wi th the same number of  moles i f  the 
pressure a nd temperature wa s 28 . 35" of Hg . and so°F , respective l y .  
D .  Hea ting o f  the Tes t  Cel l  
After f i l l in g  the test  cel l wi th the gas a t  proper pressure , the 
cel l  wa s pla ced in the oven for hea ting to the des ired f ina l tempera -
ture . The l ower electrode termina l  of the test  cel l wa s c onnected to 
the ground termina l  provided for this  purpose in side the oven through 
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a porthole . The upper electrode termina l of the cel l  was c onnected to 
the incoming high vol tage termina l ins ide the oven . 
The hea ting e lement control wa s set on high setting a nd the tern-
perature ind i cator of the oven wa s set on the des ired f ina l temperature . 
The oven control s the set tempera ture automatica l ly .  The test  cell  wa s 
heated for a bout 80 minutes before conducting the impul se  vol tage test .  
The heating time o f  the cel l  wa s arrived a fter running certa in heat run 
tests a s  g iven in Appendix VI I . 
The temperature o f  the test  cel l was monitored by three thermo-
couples number 6 ,  7 and � ,  placed near the test cel l . The thermocouples 
J loca tion and the method of measurement of tempera ture is given in 
Appendix V I I . 
E .  Method of  Conducting Impulse Vol tage Tests 
.After the test  cel l had been heated for a proper length of time ,  
the impul se volta ge test  wa s conducted . The impul se vol tage tes ts 
we�e made , in genera l ,  according to the method prescribed in the ASTM 
Standards -E lectr i ca l  Insu l a ting Ma teria l s  ( Part 29 , February , 1 969 ) ,
18 
Ameri can Standard for Measurement of Vol tage in Dielectr i c  Tests ,
17 
. 6 . h " and a l s o a s  recorrmended by M . L .  Manning in is paper . 
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The impulse vol tage was started at a level that caused breakdown 
of the gas on less than 10  percent of the tr ials . Ten pos itive polarity 
it x 40 f-4 sec . pul ses were appl ied on each vol tage level wi th 30 seconds 
rest between the appl ications . The breakdown or no breakdown of  the 
test gas was observed on the osci l loscope . The vol tage level  was then 
increased by 0 . 5 units o f  the panel meter . After a rest of  5 m inutes , 
10 pul ses were appl ied to the tes t  cel l . Thi s process was repeated 
until  a leve l  was reached where the breakdown occurred on more than 
90 percent of the trial s .  This c ompleted the first set of  trials . The 
cel l  was dormant for 5 minutes , a fter which pulses  o f  the same vol tage 
level were appl ied in the s imilar way and the breakdowns were recorded . 
The vol tage leve l was then decreased by 0 .5 units of the pane l meter 
and again 10  pul ses were appl ied . This process was repeated until  a 
level was reached  at which breakdovm occurred in less than 10 percent 
.. 
of the trials . Then , a repeat of  the first set o f  trial s  was made . 
Essential ly , a t  one vol tage leve l , 30 pulses were appl ied . A sample of 
the test  data recording is shown in Fig . 7 .  Then , the oven was switched 
off and the oven door was opened . This a l lowed the test cel l  to cool . 
The high voltage and the ground terminal s  \ ere di sconnected from the cel l  
and the cel l  was taken out and it  v1as di sassembled again . The c omplete 
cycle o f  c leaning and f i l l ing was repeated . 
The waveshape observed on the osc i l loscope , when the gas f lashed 
over and when it did not dis charge are shown in· F ig . 8 .  Te st data in 
kil ovol ts was determined by using the osc i l l oscope cal ibration curve as 
D t Dec . 1 8th , ' 71 a e ,  • • • • •  , • • • •  , • • • • • • •  
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Time • • • •  }�: ;? . . . .  
Sf-here to Plane Electrodes Type of Cell • • • • • • • • •  , • • • • • • • • • • , , , • • • • • I d .  t " s None rra ia ion ource • • • • • •  
Test Gap S pacing • • •  0, 1" Final Temp. = ioo . o0c 
Room Pr, = 28.18"of Hg Pr. Correction • • • •  15. 8°of S i.Oil 
Room Temp. = 70 , 0°F Gap Corrcction • • • •  5. ?mi ls 
Oven Starting Time , • • • • • •  15.20 min , 
Impulse Tests Starting Time , , , ,16 , 40 min . 
Type of Wave Shape • • • • • •  1tx40fi sec . Positive Polarity 
Panel Meter Setting 
O=no breakdown 
X = breakdown. 
s. o 
9 , 0 
8 . 5  
8 . 0  
8. 0 
8 . 5 
Final Temp.101. 1°c . 9. 0  
Trials 
cycle no , 1 
0 0 0 0 0 0 0 0 x 0 
0 0 0 0 x x 0 0 0 0 
0 0 x x x x 0 0 0 0 
x x x x x 0 x x 0 0 
x x x x 0 x x x x x 
cycle no , 2 
x x  x x  x x  x x . x x 
x x  o x  x o .·o o x  x 
o o o x 9 x x x x o 
x 0 0 0 0 0 0 0 0 0 
cycle 110 . 3 
0 0 0 0 0 0 0 0 0 0 
0 0 0 x x ,x 0 0 · o 0 I 
x x x x x 0 0 0 0 x 
x x x x x x x x x x 
Fig. 7 • Method of Recording the Test Data.s , 
F i g . 8 ( a ) . I mpu l s e  Wave sha pe when no bre a kdown o c c ur s . 
F ig .  8 ( b ) . Impu l s e  Waves ha pe whe n the ga s brea ks down . 
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given i n  .Append ix  IV . The results o f  the tests are shown in Tabl es I 
throu gh V I I I  o f  Appendix  I .  
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CHAPTER VI 
DISCUSSION OF RESULTS 
A .  Genera l  Descript i on of Tables 
Append ix I c onta ins  Tabl e I through VI I I . Appendix II  c onta ins 
Figures 1 0  through 1 8 . Tabl es I through IV  give the resu l ts of a l l  
the impu l s e  volta ge breakdown tes ts made on the c3F8 ga s . The · 10  per­
cent , 50 percent and 90 percent breakdown va lues are l i sted for the ga s 
temperature range for 25°C to 1 50°C .  The 1 0  percent , 50 perce nt and 
90 percent breakdown va lue for each temperature was found by p l otting 
Appl ied Vo lta ge a ga inst Percentage Breakdown . As mentioned i n  the Test 
Procedure , at ea ch test  vol tage leve l , 30 pulses  were appl ied . The 
percenta ge  breakdown va lue at each  vol tage va lue was found by d ividing 
the number of  times the brea kdown occurred by the tota l number of pul ­
ses appl i ed .  The panel  meter reading wa s converted into the a c tua l 
appl ied voltage by us ing the generator vol tage ca l ibra tion curve (O s ­
c i l l oscope Def l e c tion Method ) a s  g iven in  Appendix  IV . A sample  pl ot 
for f ind ing the variou s  percentage va lues of  Brea kdown Vo l tage  is  sh9wn 
in _F ig . 9 .  The breakdo\'/n vol tage  of  the ga s i s  defined a s  the voltage 
level a t  which the breakdown of the gas occurs 50 percent of  the time . 
The 10 percent and 90 percent Brea kdown Va lues are a l s o  l i s ted to  g ive 
an idea o f  the s cattering of the re sults . The Ra nge , which  i s  the dif­
ference o f  90 percent and 10 percent Breakdown · Va lues , i s  a l s o  l i sted . 
Figures 10 and 1 1. are the p lots of impulse  breakdown vol tage  vs . g as  
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temperature ( under uni form and non-uni form field conditions ) , wi thout 
and with a source of irradiation , respectively . The impu l se vol tage 
brea kdown vs . gas temperature (without and with irradia ti on s ource ) is  
plotted on Figures 1 2  and 13 under uni form and non-uni form f ie ld  con­
ditions . 
Tables  V through VI I I  l i s t  the crest va lues of  the average  break­
down va lue for 60 Hz one minute withstand vol tage te st a nd 50 percent 
impu l se breakdown vol tage for various tempera tures . The f ormer va lues 
were cal culated from 60 Hz one minute voltage withstand vs . temperature 
for c3F8 gas  curves g iven in Roman ' s  thes is .
8 The kV-rms va lues  a t  
each tempera ture were found and they were multipl ied b y  a factor of  ,/2 
to g ive the crest  va lue of  60 Hz one minute vol tage withstand tes t .  The 
50 percent impulse  breakdown voltage at various tempera tures  wa s found 
from the curves g iven in Figures  10 through 13 . The Impu l se  Ratio  wa s 
ca l cula ted by dividing the cres t va lue of the 50 percent Impu l se  Break­
down va l ue at each  tempera ture by the crest va lue of  the 60 Hz One Min­
ute Voltage  Withstand Test brea kdown . Figures 14 and 15  are the plots 
of Impulse  Ra tio aga inst Gas Tempera ture (without and with irradiation )  
under uni form and non-uni form e l ectric field conditions , respective ly .  
The Impul s e  Ratio  vs . Gas  Temperature ( under uniform and non-uni form 
el ectric  f ield  condi tions ) i s  plotted on F igures 16 and 17 , without and 
wi th irradia tion , conditions respec tively .  
B .  Specif i c  Observations 
Some spec i f ic observations are made regarding the impu l se voltage 
breakdown strength , 60 Hz one minute vol tage withstand te s t  and rapidly 
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appl ied voltage test , conducted on c3F8 gas  up to 150
°c .  The sphere to 
plane e l ectrode system would give a highly uniform f i e ld  wherea s the 
other c e l l  used , with point to plane electrode system , wou l d  g ive a 
highl y non-uniform f ie ld . 
1 .  The impulse  vol tage breakdown s trength o f  the ga s under uniform 
field condi tions is about 60 percent grea ter compared wilh non-uniform 
electric  f i eld  conditions when no  irradia tion source wa s u sed . However , 
in the presence of a n
.
irradiati on source , the strength under uni form 
field  cond i tions i s  roughly 50 percent -greater compared with non -uniform 
field  condi tions . The above sta tements are true for the entire range of 
temperatures  tes ted ( Figures 10 and 1 1 ) . 
2 .  The increa se  in  the impulse breakdown strength o f  the ga s a s  the 
temperature i s  increased is so sma l l  tha t for a l l  practica l purposes  i t  
can b e  a s sumed that the impu l se breakdown strength o f  the gas rema ins 
., 
cons tant throughout the range of tempera ture for whi ch the g a s  wa s tested . 
The above s tatement i s  true for both uni form and non-uni form e l ectric  
field cond i tions , with or  without irradiation ( Figures  10 and 12 ) . 
3 .  The impulse  breakdown s trength o f  the ga s under a uni form field  
without irradia tion i s  about 8 percent greater than with irradiation at  
25°C ga s temperature . However , a s  the gas  temperature i ncrea s e s , the 
di fference reduces progre ss ively . At 150
°C the difference i s  a bout 5 
percent ( F igure  12 ) . 
4 . The impul se  breakdown s trength of  the . ga s under non-uni form 
fi eld ·cond itions without irradia tion is  abou t 8 percent grea ter tha n 
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with irradiation a t  room tempera ture . As  the tempera ture of  the gas 
increase s ,. the difference becomes progress ively less . From i oo0c and 
0 up to  150 C ,  the breakdown s �ength is . the same with or without  irradi -
ation ( Figure 13 ) . 
5 .  Und er a uniform field  cond ition , the impu l se breakdown points 
have more s cattering than under a non-uniform f ield  c ondi t i on . I n  
other words , the breakdown point is sharper under non-uniform field  c on-
ditions tha n under un1form field  conditi ons . The above observa tion was 
made from Percentage  Breakdown vs . Applied Voltage  curves ( Tabl es 1 
through 8 ) . 
6 . A lso , the source of  irradia tion was found to reduc e . the scat-
tering of the breakdown poi nts . The temperature of the ga s a l so a f -
fected the varia tion of the brea kdown points sl ightly . A t  higher 
tempera tures , l ess sca ttering wa s observed than at l ower tempera tures  
( Tables  2 , 4 ,  6 and 8) . 
7. The Impulse  Ratio of  the ga s under uniform f ield  c onditions 
increases  with temperature , with and without irradiation conditions . 
0 Without irradia tion , the Impulse  Ratio a t  150 C wa s found to be 10  per-
cent greater  than i ts va lue at 2s0c .  The corresponding figure for an  
irradiation condition is  a bout 2 percent ( Figure 1 6 ) . 
8 .  The Impu l s e  Ra tio of the ga s under non-uni form f ie ld  conditions 
decreases  as the tempera ture of  the ga s is increa sed . The ra te of de ­
crease  was f ound to be more without irra d ia tio� than with irradia tion . 
With irradiation , . the Impul s e  Ra ti o at  150°C dropped to 20 percent of  
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its va lue  at room tempera ture .  Without irradiation , the c orrespond­
ing figure is  6 percent ( Figure 17 ) . 
9 .  The Impulse  Ra tio o f  the gas under uniform field  conditions a t  
room temperature wa s s l ightly  greater with irradiation than without 
irradia tion . However , a t  50°c it  was the same under both the con­
ditions . .At tempera tures higher than 50°c ,  the ratio was grea ter with­
out irradia tion tha n wi th irradiation ( Figure 16 ) . 
10 . The Impulse  Ratio of the gas under non-uniform conditions a t  
room tempera ture , without irrad iation , ·wa s about 10 percent grea ter 
with radia tion . At about 1 20°c ,  the ratio is the same with or without 
an irradia tion condi tion . At 150°C ,  the ra tio with irrad ia tion is  
sl ightly grea ter than  without irradiation ( Figure 17 ) . 
C . Compar ison-Impu lse  Vol tage Breakdown Tests and 60 Hz Vol ta ge 
Breakdown Tests Resul t� 
Romans gave results of 60 Hz one minute vol tage withstand tests and 
rapidly appl ied tests on c3F8 gas . The Impulse  Ra tio plots essentia l ly 
show the 60 Hz one minute vol tage withstand as compared with the impulse  
volta ge breakdown strength . Fol lowing are some of the observa tions made 
in comparing the resu l ts of 60 Hz rapidly appl ied vol tage  breakdown 
te sts and impul se  voltage  breakdown tests . 
1 . Unl ike impulse  vol ta ge breakdown strength , the 60 Hz ra pidly 
appli ed vol tage  breakdown s treng th decrea ses with the increa s e  in the 
gas  tempera ture under uniform field conditi ons for with · a nd without 
irradiation c onditions . 
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2 .  The ra p i dl y  a pp l i ed vo l ta g e  brea kdown s treng th of the g a s  under 
no n -u n i f orm f i e l d  c ond i t i ons , i ncrea s e s  with tempera ture where a s  i t  d e ­
crea s e s  o r  r ema i ns c ons ta n t  f or impu l s e vo l ta g e  te s ts . 
D .  Obs erva tions L i nked wi th The ory 
The e xperimenta l resu l ts obta ined a re a na l yz ed in l i ght o f  the 
theory of e l e c tr i c  d i s cha rge s thr ough the g a s e s . I t  s hou l d  b e  r e c a l l ed 
tha t C3F8 b e l ong s to the e l e c tronega tive group o f  ga s e s . The e l e c trons 
whi ch eve ntua l l y l ea d  t o  th e brea kdown o f  the ga s are produ c ed due to 
one or more of the fo l l owing mecha n i sms : ( 1 ) pho t o - i on i za t i on a nd 
s ec o ndary i on i za t i on , ( 2 ) i o n i z a ti on due to pre s e n c e  o f  s our c e  o f  i r ­
radia tion , ( 3 )  therma l i o n i za ti on a nd , ( 4) a non -un i form f i e l d . The 
ma j or i ty o f  the s e  e l e c trons are g iven o f f  a t  the c a thod e . The ba s i c  
the ory o f  the e l e c tr i c  d i s c harg e s  through the ga s e s  and me c ha n i sm o f  
spark bre a kdown i s  g iven �n Cha pter I I I . 
The g a s  ta ke s a c erta i n  time to br ea kdown c ompl e te l y  a fter the 
a pp l i ca t i on of ne c e s s ary vol ta g e . Thi s  time l a g  betwe en the a pp l i ca ­
ti on of the v o l ta ge a n d  the brea kdown can be d i v ided i n to two pa rts . 
The sta t i s ti c a l t ime l a g  i s  the avera ge time r equ ired f or a pr i mary 
e l ec tr on to a ppear i n  the gap a fter the a ppl i ca ti on o f  vo l ta g e  whi c h  i s  
c a pabl e  o f  l ea d i ng t o  the bre a kd own . The forma tion t im e  l a g  i s  the t ime 
ta ken by the g a s to bre a kdown c ompl e te ly a f ter the a pp ea r a n c e  o f  pr i ·­
mary e l e c tr ons i n  the g a p  i f  s u f f i c ie nt v o l ta g e  wa s · a ppl i e d . The 
sta ti s ti c a l  time l a g  depends upon the number of pr imary . e l e c tr on s r e ­
l ea se d  fr om the c a thode o r  pr odu c ed in the gap . Thi s i n  turn depends o n  
irra d ia ti on c ond i ti ons a nd therma l i o n i z a ti on . The f orma tive l a g  i s  
dependent upon the trans i t  time taken by a pos itive ion from anode to 
cathode . The scattering or the variation of breakdown s trength in  
fact gives an  idea of  the vari a tion of  the time lag .  
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The uniform fie l d  produces fewer e lectrons as  compared with the 
non-uniform f ield . Consequently,  the statistical time la g under uni form 
field  conditions would  be larger than under non-uniform f ie l d  conditions . 
Since few e l ectrons are produced under uniform field  cond itions , the 
probabi l ity of the variation of the sta tistica l time l ag  is high . How­
ever , in ca se  of non-uniform f ield cond itions , the reverse would  be 
true . The statistica l time would be reduced if the source of irradi a ­
tion is  pre sent and a l so by the therma l i onization i f  the tempera ture 
of the gas i s  high . I n  the curves of Percentage Breakdown vs . Appl i ed 
Vol tage , the author found tha t uni form field impulse  breakdown , in  gen­
eral , had more scattering than the impulse  breakdown under non-uniform 
field conditions . The pr;sence of source  of irradia tion a l so reduces 
the s ca ttering for both types of  e lectrode systems . Al s o , the scatter­
ing wa s s l i ghtly l ower at higher temperatures than for l ower tempera ­
ture s . These observations , in  general , showed substantia l a greement . 
with the theroy . However , other processes are a l so involved which e f­
fect the sca ttering of  the re sults such as  negatively  ion s pa ce . charges 
and the forma tion of  pos itive ions in the gap .  
I n  e l ec tronegative gases  l ike c3F8 , strong electric  f ie lds would  
cause the formation of  ion sheath formed by  po$ itive ions . The pos itive 
ions are formed a s  a result  of the c3F8 gas  loosing f luoro i ons instead 
of e l ectrons . The pos i tive ion shea th thus formed would prevent  the 
conduction , thereby increa s i ng the breakdown strength . 
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The production of primary e lectrons in the uniform f ield  i s  l ower 
than  in the non-uniform field . This  reduces  the breakdown s trength of  
the gas  under non-uniform f ield conditions a s  compared with uniform 
el ectric f i eld conditions due to the increa sed ava ilabi l i ty o f  the 
number of free e lectrons . The effect of nega tive ion spa c e  charge , a nd/ 
or the formation of he avy pos itive i ons in case  of non-uni f orm f ields 
apparently is  not l arge enou gh to  upset the above effect for the temper­
atures up to 1 50°c .  
The e ffect  of high tempera ture would be increased i on i za tion of  the 
gas . This would tend to decrea s e  the breakdown strength of the gas . 
However , the effect wa s very ins ignificant for test tempera tures  up to 
150°c .  For a l l  pra ctica l  purposes , breakdown vol tages more or l ess  re­
ma ined constant with increase  i n  tempera ture . The above holds  good for 
both types of e lectric  fields . The presence of source  of  irradiation 
would  increase  the producti on of  primary electrons for the eventua l break­
down . The increa sed ava ila bil i ty of primary e lectrons would  tend to 
reduce  the brea kdown strength of the gas . A s the tempera ture i ncreases , 
the effect of primary e l e ctrons due to source of irradiation  wou ld  be 
less  pronounced due to increased therma l ion i zati on . The s ource of 
irradiation would a l so cause to increase the number of free  e l ectrons . 
This  would increase the number of  primary electrons ava il abl e for a t­
tachment to form ?ega tive ions and the space charge effect  wou ld  be more 
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pronounced . This  fa ctor contributes in the increase of the breakdown 
strength of the gas .  Also , the increase  in the number of primary 
electrons ava i lable for conduction would decrease  the breakdown strength 
of the ga s .  Both the effects are directed aga inst each other and the 
net e ffect observed wa s  a decrea se in the breakdown strength of  the ga s 
in presence of  an irra dia tion source .  At higher tempera tures , therma l 
ion iza tion produces  enough e lectrons so  tha t the effect  o f  irradiation 
is hidden . This wa s espe c ia l ly found to be true under non-uni form 
electric  field conditions . 
CHAPTER VI I 
CONCLUSIONS 
The fol lowing conclus i ons apply to c3F8 ga s tested for tempera ture 
range of  25°C to 150°c .  
1 .  The impulse  voltage  breakdown s trength of  the ga s under un i form 
field  conditions i s  higher compared with non-uni form f ie ld  conditions . 
This i s . true with or without irradiation . 
2 . The impulse  breakdown voltage ··strength of the gas  increa ses  
sl ightl y ,  or  rema ins constant ,  a s  the temperature of  the gas  i n  increased . 
This  holds true regardless of non-uni form or uni form el e ctric  f ie ld  con­
ditions ,  with or  wi thout irradia tion . 
3 .  The impulse  volta ge  breakdown s trength of the ga s · under uniform 
electri c  field  conditions i s  about 5 percent greater without irradiation 
conditions than  with irradiation . This is true at  any temperature . 
4 . The impulse  vol ta ge  breakdown strength of  the gas  under Jl2!l:: 
uniform electric f i eld cond itions i s  greater up to l00°C tempera tures 
without irradia tion as  compared with irradia tion . However , above ioo.Oc 
tempera ture s  i t  i s  the same . 
5 .  The breakdown points have l ess varia tion wi th non-uni form f i e ld 
as compared \ ti th uni form el ectric  field conditions .  The pre sence  of a 
sourc e of irra d ia ti on a l so reduces the varia tion .  Higher tempera ture of  
the ga s reduces  the variation s l ightly . 
6 . The variati on of the impul se voltage  breakdown strength with 
tempera ture i s  due to the e ffect of therma l ioni za tion . 
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7 .  Without irradia tion , the Impulse  Ra tio of the ga s under uniform 
e lectric  f i e ld  condi tions increases  a s  the temperature of the gas in-
crea ses . 
8 . Without irradiation , the Impulse · Ratio ra te of  i ncrease  under 
uniform el ectric  field  conditions is greater compared with radia tion 
exposure . 
9 .  With irradia tion , the Impulse Ra tio  of the ga s under non­
uniform e l ectric field  conditions decreases  s l ightly as the tempera ture 
of the ga s increase s . The variation is - l ess with irrad ia tion . Without 
irradiation , the Impu l se Ratio  of the ga s under non-uni form e l ec tric  
fie ld conditions decrea s es more rapidly compared with irradiation . 
10 . The Impu l se Ratio of  the gas is greater under uniform e l ectric 
field condi tions than under non-uniform e lectric field condi ti ons and 
th is ra tio depends upon the gas temperature . I t  is l e s s  with irradia ­
tion a t  any tempera ture . This is  true for with or wi thout irradiation . 
1 1 . The Impulse  Ra tio of  the ga s under uniform e l e ctric  f i e ld 
conditions is  sl ightly grea ter a t  l ower tempera tures with irradiation 
as compared without irradiation . 
12 . With irradiation , the Impulse Ra tio of  the gas under .!lQ.!l:. 
uniform . e l ectric fi eld conditions is  lower at  lower tempera ture s .  At 
higher tempera tures beg inning at  125°C , the Impu lse Ra tios  are s imi lar . 
Without irradiation ,  the Impulse Ra tio is greater a t  l ower temperature s 
and decrea ses quite markedly as  the temperature is increa sed to 150
°C .  
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4PPENDIX I 
\ . 
TABLE I 
Impulse Voltage Breakdown Strength of c3Fa gas for the 
S phere to Grounded Plane Electrode System at Various 
Gas Temperatures , without a Source of Irradiation .  
Type o f  Wave : l}x40}A.sec . Positive Polarity 
Various Values of 
Breakdown Voltaees 
from ten trials 
10)� Brcakdovm Value 
( kV ) 
50% Breakdown Value 
( kV ) 
9CY;{ Breakdown Value 
( kV ) 
Range 
( kV ) 
27 . 5  
25 . 20 
27. 04 
2 7 . 77 
2 . 57 
Gas Te�perature in °c 
48. o 74e 8 101. 8 
24. 25 25 . 20 24 . 50 
26. 60 26. 98 26 . 56 
28. 20 28. 05 2 7 . 45 
3, 95 2 . 8.5 2 . 95 
126. o 
24. 10 
26 . 80 
27. 63 
3 . 53 
146 . 8 
26 . 10 
27. 50 
28. L�.5 
2 . 35 
{)l 
(JI 
TABLE II 
Impulse Voltage Breakdown Strength of c3Fa gas for the 
S phere to Grounded Plane Electrode System at Various 
Gas Temperatures , with a S ource of Irradiation . 
Type of Wave : 1tx40j-rnec . Positive Polarity 
Various Values of 
Breakdown V oltages 
from ten trials 
10'-'fe Breakdown Value 
( kV ) 
50% Breakdown Value 
( kV ) 
90% Breakdown Value 
( kV ) 
Range 
( kV ) 
Gas Temperature in °c 
28.t 46 . 7 71 . 1  101 . 2  121 . 5 144. 1 
22 . 10 23 . 90 22 . 20 23 . 45 23 . 30 23 . 35 
24. 07 25.  57 24. 46 25.  52 . .24 . OJ 25.  20 
26. 17 26 . 75 26. 20 26 . 65 24. 95 2 6 . 75 
4. 07 2 . 85 4. oo 2 . 80 1 . 65 J.40 
(J1 
(J'\ 
TABIE III 
Impulse Voltage Breakdown Strength of c3F8 gas for the 
Point to Grounded Plane Electrode System at Various 
Gas Temperatures , without a S ource of Irradiation . 
Ty pe  of Wave a lix40ftsec . Pos itive Polarity 
Various Values of 
Breakdown V oltages .Gas Temperature in °c .. 
from ten trials 31 . 6 53 . 3  69 . 3  100. 0  128. 5 . 
lO'fo Breakdown Value I 15 . 85 15. 85 16. 10 14. 60 16 . 30 
( kV ) 
50% Breakdown Value I 16 , 76 16 . 80 17. 72 15 . 61 16 . 83 
( kV ) 
90% BreakdoWn Value I 17. 34 17. 50 18. 28 16 , 25 17. 50 
( kV ) 
Range l 1 . 49 l . 65 2 . 18 1 . 65 1 . 20 
( kV ) 
146 . 2  
14 . 35 
15 . 70 
16 . 68 
2 . 33 
(J1 
'1 
· TABLE IV 
Impulse Voltage Breakdown Strength of c3F8 gas for the 
Point to Grounded Plane Electrode System at Various 
Gas Temperatures , with a S ource of Irradiation . 
Ty pe  of Wave : ltx40f'sec . Pos it ive Polarity 
Vario�s Value s  of 
l Breakdown V oltages Gas Temperature in °c ,., from ten trials ' 23 . 5  51 . 2  75 . 8  101 . 1 126 . 5  
10% Breakdown Value 15. 17 16. 40 16 . 40 16 . 40 16 . 30 
( kV ) 
50% Breakdown Value I 15. 88 17. 20 17. 28 16. 76 16 . 86 
( kV ) 
90% Breakdown Value l 16 . 75 17. 56 17. 57 17. 05 17 . 12 
( kV ) 
Range I 1 . 58 1 . 16 1 . 17 0. 65 0. 82 
( kV ) 
148. 6 
. 16 . 55 
16.84 
17. 20 
0. 65 
()1 ()'.) 
..... 
TABLE V 
Impulse Ratios of C:f�8 gas at Various Gas Temperatures for the 
Sphere to Grounded Plane Electrode System , without Irradiation. 
Type of Wave : lt'X4o}A sec . Positive Polarity 
Various Values of 
Breakdown Voltages ... Gas Temperature in oc ' 
and Impuls e Ratio 
25. 0 50 . 0  75. 0 100 . 0 125. 0 
Crest Value of Average 
Breakdown Value for 
I 23 . 5  22 . 9  22 . 0  21. 7 21 . 5  
60 Hz One Minute W ithstand 
Voltage Tests in kV 
50% Breakdown Value I 27. 1 26. 6  26 . 4  26 . 4  26. 6  
for Impulse Voltage 
Tests in kV 
Impulse Ratio 1 . 15 1 . 16 1. 20 1.21 l .2J 
150 . 0 
21. 2 
27. 2 
1 . 28 
(.J1 
'° 
TABLE VI 
!mpulse Ratios of c3F8 gas at Various Gas Temperatures for the 
Sphere to Grounded Plane Electrode System , with Irradiation . 
Type of Wave : itx40 f4 sec . Positive Polarity 
Various Values of 
I 0 Breakdown Voltages . Gas Temperature in C 
and Impulse Ratio I 25 . 0  50 . 0  75 . 0 100 . 0 125. 0 
Crest Value of Average 
Breakdown Value for I 21 .2 21 .2 2 1 .2 ; 21 . 2  21 . 2  60 H z  One Minute W ithstand 
Voltage Tests in kV 
50% Breakdown. Value 
for Impulse V oltage 24. 8 24 . 7 24 . 6  24. 8 25. 0 
Tests in kV 
Impulse Ratio 1. 17 1. 165 1. 16 1 . 17 1. 18 
150. 0 
2 1 .2 
25. 5 
1 . 20 
°' 
0 
TABIE VII 
Impulse Ratios of C3Fg gas at Various Gas Temperatures For the 
Point to Grounded Plane Electrode System , without Irradiation . 
Type of Wave : ljx40,.. sec . Positive Polarity 
.... ... �-
Various Values of 
I Breakdown Voltages • Gas Temperature in °c ' and I mpulse Ratio 25. 0  50. 0  75. 0  100. 0 125. 0 
Crest V alue of Average 
Breakdown Value for I 14. 7 
60 Hz One Minute Withstand 
15. 2  1.5. 7 16 . 4  17. 0 
Voltage Tests in kV 
50% Breakdown Value 
for Impulse Voltage I 17. 2 17 . 2  17. 0  16. 9  16. 7  
Tests in kV 
Impulse Ratio I 1 . 17 l . lJ 1. 04 1 . 02 0. 985 
150. 0 
17 • .5 
16. 8  
0 . 96 
°' 
I-' 
TABLE VIII 
Impulse Ratios of c3F8 gas at Various Gas Temperatures for the 
Point to Grounded Plane Electrode System , with Irradiation. 
Type of Wave : itx40,.. sec . Positive Polarity 
._ 
Yarious Values of 
Breakdown V oltages 
I 
.. 0 ' Gas Temperatures in C 
and Impulse Ratio 
' 
45. 0 50 . 0  75 . 0  100. 0 125 . 0 
� .......... ..... � 
I 
Crest Value of Average 
Breakdown Value for I 15. 5  60 Hz One Minute Withstand 1.5 . 8  16 . 2  I 16 • .5" 16 . 8 
V oltage Tests in kV 
I I 
50% Breakdown Value 
for Impulse Voltage I 16 . 3 16. 4  16 . 4 16. 6  16 . 7 
Tests in kV 
Impulse Ratio I 1 . 05 1. 03 1. 01 1. 005 0 . 995 
1.50. 0 
17. l  
16 . 8 
0 . 980 
0\ 
rv 
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APPENDIX I I I  
DETERMINATION OF THE STANDARD IMPULSE WAVE SHAPING 
CIRCUI T  - BY THEORY AND BY PRACTICE 
A .  Theory 
The impulse wave shape u sed in the testing of e lectr i c  brea kdown 
strength o f  ma teria l s  wa s tha t spec if ied by AIEE Standard # 4 , 1 953 . 17  
This  s tandard waveshap� is  spec if ied a s  a it x 40 �sec . wave which 
rises  to i ts peak va lue  in it fa sec . and then decays to ha l f  of  the 
73 
peak va lue in 40 µ sec . The wave recorded during a test  shou ld  confirm 
to the spec ified wave within permiss ibl e  tol erances a s  g iven i n  the 
Standards . 
Mathematic a l . Ana lys is  o f  Waveshaping Circuit :  Cons i der an  impu l se 
wave with peak voltage  V ,  rise  to time t1 and time of  decay  to  i ts ha l f  
peak va lue t2 , a s  shown i n  Figure 18 . The waveshaping c ircu it  used in  
the testing wa s a RC circuit . The equiva l ent circuit  representing the 
Q) 
01 
v 
� 0 . 5V 
r-i 
0 
> 
Time 
F . 18 Wave shape of pos itive polarity wave . 19 . • 
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impu l se generator , wavesha ping c ircu it  and the osc i l l oscope i s  shown in 
Figure 19 ,  where c1 i s  the c ombined capac itance of the capa c i tor ba nk 
in the impu l s e  genera tor , v0 is the voltage  acros s c1 when ful ly  charged , 
R4 i s  the input resis tance of  osc i l loscope . R 1 is  resi stance  a dded for 
wave form control , R2 and R3 are res istors for control l ing the l ength of  
the wave . Capa c itance c2 repre sents the electrostatic  capa c i tance  to 
ground of the high vol tage parts and l eads . I ncluded in C2 is a ny 
additiona l l oad  capa c i tance that may be required . 
. -
Waveshape Control Circuit  - - - - - - - - , 
Test  Obj ect . 
,- - - - �  
t 
!(- - - .J '- - - -Impul se  Generator 
_. - - - -- -- - -- --
r - - - - - - -
: 1 
' 
I I 
.J. J- - - �  
- -:- - - ,  
Type 507 
Osc i l lo- : 
s cope • 
t... - - - - - -- - - - ... l 
Fig .  1 9 .  .An equiva lent c ircu it  representing impul s e  generator , wave­
shaping circuit a nd test obj e ct . 
e ( t )  
Let R = ( 1 )  
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From Figure 19 ,  two loop equations can  be written 
Taking Lapla c e  Transform of equations ( 2 )  and ( 3 )  
putting 
( 6 )  
Rewriting equations ( 4 ) and ( 5 ) 
( 7 )  
( 8 ) 
S impl i fying the above equations 
( 9 ) 
( 10 )  
Subst ituting the va lue of I 1 ( s ) from equa tion ( 10 )  unto ( 9 ) 
1 
or 
1 1 s� + R V I ( s ) = H (- + R + R ) x I ( s ) - -2.J 2 R sC1 R 2 s 
s c1 c 2 R V0 
1 2 ( s ) = --r-T"--------------­s� (C1C2 R R1 ) + s ( C1R1 + C 1R + C2R ) +l 
The output  voltage  is  
Ta. king Lapl a c e  transform .. o f  equa tion ( 1 2 )  
· 1  ( s ) 
E ( s ) = -2"-­
sC 2 
Substituting equa tion ( 1 1 ) �into equa tion ( 1 3 ) , then 
Now let 
A = cl C2 R R1 ' B = cl (R1 + R ) + C2R ' D = cl RV 0 
E qua tion ( 10 )  becomes 
E ( s ) = ___ ..;:...D/i....;.A�--­
( s + �) 
2 
+ ( l - B
2 
) 
2A A 4A2 
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( 1 1 ) 
( 1 3 ) 
( 14 )  
( 15 ) 
Taking inverse Lapla ce transform of equation ( 15 )  
where 
cl.. = � and � = � - � 
2A 4AL A 
77 
( 16 )  
Now t1 i s  defined a s  the time for the voltage to rea ch the peak  or 
maximum va lue . Therefore , to obta in  time t1 , equation ( 12 )  is differen­
tiated with respect  to t ,  set equal  to zero and s olved for tl . 
de(  t) = 
dt 
Setting de (t)  equa l to  zero , the value of  t1 becomes dt 
ln[ D<- + P> ) / ( � - � ) ]  
t1 = --------- --2 . ..  
The va lue of  time t2 c an  be found in the fo l l owing way 
By def initi on 
there fore , from equa tion ( 1 2 )  
now 
and 
( 17 ) 
( 18 )  
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Neglecting the comparatively  sma l l er terms , equation ( 1 5 )  becomes  
( 20 )  
Ta ke the natura l loqarthim o f  equa tion ( 20 ) and solving for t2 
( 21 ) 
The known parameters are 
tl = l . 5 /.4 s ec . R3 = 75 . 6 ohms 
t2 = 40 '1 sec . R4 = 72 . 8  ohms 
Cl = 0 . 05/3 fd A = 5 . 62 x l0
- 17 R R  
C2 = 0 . 00337 fd B = 2 . 005 x 10
-8 R + 1 . 668 x 10 -8 R 1 
Substituting these va lues in equa tion ( 18 ) and ( 21 ) , tnen the fol l owing 
re lations are derived . 
l . 668R1 + 2 . 005R = 0 
R2 + 1 . 102 R R1 + 0 . 692Rf = 0 
Solving the two equa tions 
R = 1 550 ohms , R1 = 106 ohms 
From equations ( 1 )  and ( 6 ) , va lue of  R2 can be found 
R2 = 1 512 . 9  ohms 
Th - l " f " d th t " 1 equa t1" on of impu lse  wave i s  derived a s  e s imp i i e  ma ema ica 
fol lowing 
Equation ( 14 )  can  be rearranged as ·  
(22) 
(23 ) 
or 
where 
a nd 
E ( s ) = 
Vo x R 
s R Ri C s + _l_ + R C2 + R + R 2 sC1 C1 
1 
E ( s )  = � x 1 
R1 C2 s
2 + a s  + b 
a = 
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( 24 ) 
( 25 ) 
where s1 a nd s2 are the roots of the equa tion s + as  + b = 0 a nd both 
wi l l  be negative . 
Tak ing i nverse L apla c e  transform of equation . ( 25 )  
( 26 )  
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In the practic a l  case  R was much greater than R1 and c1 was much 
greater than C2 a nd an a pproximate solution could  be  obta ined by 
examining the auxi l iary equa tion : 
where the va lue of ( 1 + 1 ) i s  much smal l er than 1 R1C1 RC2 RC2 
The equ a ti on ( 27 )  becomes 
a nd the roots wil l  be 
and 
The equation for the output vol tage then becomes 
e ( t ) 
( 27 ) 
( 28 )  
and the graph o f  the express ion i s  shown i n  Figure 20 .  Substituting the 
a ctua l va lues o f  capa c i taries  and res istors in equa tion ( 28 )  the 
expre ss ion becomes 
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V e-t/RC1 
' / 0 .... 
-
Time 
F ig·. 20 . The impulse  volta ge wave and its components . 
B .  Pra ctice  
The va lu e of  resis tors R1 and R5 of the waveshaping c ircuit  were 
found out b y  estimate and try method . The calculated value  of  resistor$ 
R1 and R2 were taken as the starting va lues and the waveshape wa s ob-
served on the oscil loscope type 507 and pictures of _waveforms were taken 
with the help  of atta ched osc i l l oscope camera . Various va lues of  re-
sis tors were used unti l an  exact it x 40 � sec . wave shape wa s observed on 
the osc i l l oscope .  Res istors R1 and R2 are non-inductive wire wound 
res i stors . The fina l va lues of R1 and R2 were 
160 ohms and 2 , 900 ohms , 
respectively . These va lues are the same as  used by Keith E .  Crouch in  
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his the s i s  entitled " The E ffect of Waveshape on the Electric  Brea kdown 
of Nitrogen Ga s" . 16  
The experimenta l ly determined va lues of res istors were used in  the 
waveshaping c ircuit  whi le  conducting the breakdown tes ts . The reas on for 
the d i f ferenc e between the theoretical and exper imenta l va lues  for 
res i stors R1 and R2 wa s due to stray capac itance and inducta nce  in the 
c ircu it , which were not a c counted in the ma thema tical  c a l cula t ions . 
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VOLTAGE CAL IBRATION OF THE IMPULSE GENERATOR 
The panel meter on the c ontrol cabinet of the impu lse  genera tor 
does not g ive the direct reading of the impulse voltage pre sent a t  the 
test cel l . There fore , the pa ne l meter on the control cabinet mus t  
cal ibrate aga inst the actua l  kV output o f  the generator . The proc edure 
used in the c a l ibrati�n of the impu lse  genera tor is rec ommended by AIEE 
Standards # 4 . 17 The generator output is controll ed by the control  knob 
on the panel . The vol tage ca l ibration is carried out by two methods ; 
osci l l os cope defl ection measurement method and the use o f  sphere gaps 
in f la shover tests . The AIEE Standards l7 requires that the di fference 
between the two methods readings should not exceed 5 perc ent of  the 
lower va lue . 
The Cathode Ray Oscil loscope wa s obta ined by us ing the osc i l l oscope 
deflection . The res i s tance �ivider having wire wound res i stors wa s used 
as prescr ibed by the s ame standards . The equa tion derived for obta ining 
the a ctua l  genera tor output  vol tage in terms of the osc i l l os cope de- · 
flection fol l ows : R3 x R4 
( C m  . • ) x 50 vol ts x 
R2 + R3 + R4 x 10 -3 ( 1 ) E = s cope defl ection in 
( a tten uation ) cm. R3 x R4 
R3 + R4 
Where E is the peak vol tage at  the te st cell , R2 and R3 are the
 
res is tors used in the wave shaping circuit and R4 is the input res i stance 
of the osc i l l oscope type 507 . The attenuation is the per
centa ge o f  the 
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input scope signa l appl ied to the vertica l deflection pla tes of  the os ­
c i l l oscope . Substituting the various known va lues in equa tion ( 1 ) , the 
equation becomes 
E = scope defl ection in cm . x 3 . 95 kV a ttenua tion ( 2 ) 
The a bove equa tiqn wa s used in cal ibra ting the actua l outpu t  vol tage 
aga inst the panel meter reading . At di fferent panel meter s ettings , the 
osc i l l ograms were taken and the osc i l los_cope deflection was mea sured . 
Substituting th e measured quantities in equa tion ( 2 ) , the output vol tage 
wa s ca lcul a ted and entered in Table 9 .  Figure 21 shows the pl ot  of  
output vol tage aga inst pa ne l meter reading . 
TABLE 9 • .Mea surement and Ca l cul ation of  Output Voltage o f  the Impulse  
Panel .Meter 
/!A 
3 . 5  
5 . 0 
6 . 0  
7 . 0 
8 . 0 
9 . 0  
1 0 . 0  
1 1 . 0  
12 . 0  
1 3 . 0  
14 . 0  
1 5 . 0 
1 6 . 0  
Genera tor on the ?ype 507 Osc i lloscope With Pos it ive Polarity 
for a 1 t x 40 }. sec  • Wave • 
Attenua tion 
Setting on 
Osc i l l oscope 
1 . 0 
1 . 0 
L O  
1 . 0 
1 . 0 
1 . 0 
1 . 0 
0 . 8 
o . s 
0 . 8  
0 . 7 
0 . 7 
0 . 6  
Scope Genera tor 
De fl ection Output V o l tage 
cm . kV 
1 . 85 7 . 32  
2 . 55 1 0 . 05 
3 . 05 12. . 05 
3 . 60 1 4 . 20 
4 . 1 5 1 6 . 40 
4 . 65 18 . 40 
5 . 10 20 . 10 
4 . 50 22 . 20 
4 . 90 . 24 . 1 0  
5 . 35 26 . 30 
5 . 0 28 . 20 
5 . 35 30 . 20 
4 . 90 32 . 25 
40. 
35 . 
30 . o_ . 
� 
c 25 . 0 
•M 
C> 
QO � 20 . 
r-i 
0 
> 
� 15 . 
+> 
0 < 
10 . 
5. 0 
o. o ��--=-���r_----r----:r--r-�,.----r-�-r---r-�.---,-�-r------o . o i . o 2 . 0 3 . 0  4. o  5 . 0 6 . o 7 . 0 s. o 9 . 0 lo . o  i1 . o 12 . 0  13 . 0  14. o i5 . o 16 . o  
Panel Meter Setting in/.J A 
Fig , ?...l . The Calibration Curve of the Impulse Generator by the Oscilloscope Deflection Method 
for itx40 f1sec . Positive Polarity Wave Shape . 
OJ 
°' 
I 
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The sphere gap c a l ibra tion tests wa s accompl ished by u s ing 6 . 25 cm 
diameter s pheres as recorrmended in AIEE Standard # 4 , 1 953 . 17 The u ltra -
violet  ray lamp model Black Ray B-lOOA , . rnanu fa ctured by Ul travio l et Pro-
ducts , Ca l i fornia , wa s used to reduce the· time la g of . sparkover and to 
obta in cons i stent results . The sparkover voltages for d i fferent spa c ­
i ngs , a s  g iven i n  the Standards , are for 760 mm o f  Hg . pre ssure and 25°c 
tempera ture . S inc e the sphere gap flashover tests were done under dif-
ferent c onditions of  pressure a nd tempera ture , the voltage  c orrection 
fa ctors were  used . The rel ative a ir density is g iven by the re la ti on 
Relative Air Dens ity = o . 392b 273 + t 
where b = barometric  pressure in mm of Hg . 
t = tempera ture in °c .  
The c orresponding vol ta�e correction factors for various  re l a tive 
a ir densities  were taken from Table I I  of the Standards . To obta in 
sparkover value for a spec if ied gap spac ing at  relative dens ity other 
than  s tandard , the vol tage obta ined from the Standards were mul tipl i ed 
by the vol tage correcti on factor , i . e .  
kVt t = ( kV t d d x Vol tage C
orrection Fa ctor ) for a g iven spa c ing 
es s an  ar 
The sphere gaps fla shover tes t data are shown in Table 
1 0 .  The 
f l  h vol tage vs . panel m.e
ter reading ca l ibration curve , sphere ga p  as  over 
is  shown i n  Figure 22 . 
TABLE 10 . The Sphere Gap in Fl a shover Test Da ta s . 
Gap Spark-
P a n el over from Pr essure Tempera ture Rel a tive Vo l ta ge 
Meter Gap Ca l ibra tion a t  a t  Air Correction 
Setting Spa cing Curve Gap Gap Dens ity Fa ctor 
kV Crest  
µ A cm . kV mm o f  Hg . OC 
8 . 0 0 . 5 17 . 00 72 . 60 �2 . 2  0 . 961  0 . 968 
9 . 0 0 . 6 1 9 . 10 7 1 3 . 5  29 . 8  0 . 922 0 . 929 
10 . 0  0 . 7 22 . 65 7 1 3 . 5  29 . 8  0 . 922 0 . 929 
l L O 0 . 8 23 . 60 7 1 3 . 9  24 . 8  0 . 939 ·0 . 946 
12 . 25 0 . 9 28 . 28 713 . 9  24 . 8  0 . 939 0 . 946 
15 . 0  1 . 1 33 . 50 713 . 9  24 . 8  0 . 939 0 . 946 
17 . 0  1 . 25 38 � 20 . 7 1 5 . 8  24 . 8  0 . 940 0 . 946 
Gap Spark-
over Ki l o -
volts 
Crest 
kV 
16 . 42 
17 . 65 
21 . 00 
23 . 6  
29 . 1  
31 . 6  
36 . 0  
Vol tage 
from 
Os c i l l e -
s c ope 
Ca l ibrat-
ion Curve 
kV 
16 . 40 
18 . 10 
20 . 10 
22 . 20 
26 . 60 
30 . 20 
34 . 30 
Error 
% 
+ 1 . 25% 
-2 . 5% 
-0 . 5% 
+6 . 1% 
+6 . 80 
+4 . 62 
+5 . 00 
en 
en 
40. �  
I 
35.  
JO . .... . 
� 
.;1 25.  
Q.) 
l.D 
m 
+> 
'6 20 . 
> 
r-i 
g 15 . +> 
� 
10 . 
5 .  
o . ������ o . o i . o 2 . 0  3 . 0 4. o 5 . 0 6 . o 7, 0 s . · o 9 . 0 10. 0 11 . 0  12 . o  i3 . o  14. o  i5. o 16, o 
Panel Meter Setting inft A 
Fig . 2 2.  The Calibration Curve of the Impulse Generator by the S phere Gap in F'lashover Test 
Method for lix40 ,,{(sec . Positive Polarity Wave Shape . 
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The ca l ibration curve obta ined by the os c i l l oscope wa s used in  
plotting the impulse  volta ge breakdown strength of the ga s .  The rea son 
for not us ing the sphere gap c a l ibra tion was because of  the la ck of 
r e la tive a ccuracy in setting the gap between the two s phere s .  
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ADJUSTMENT OF THE GAS IN  THE CELL TO STANDARD CONDI TIO NS 
The brea kdown vol ta ge of a ny ga s for a certa in gap setting a nd 
e l ectrode system varies  with the pressure and tempera ture o f  the ga s 
ins ide the tes t  c el l . Therefore , it  is  necessary to f i l l  the test  cel l  
under a c erta in  pressure and temperature , i . e . , to  insure tha t number 
of mol es of ga s ins ide _ the test  cel l are the same a t  every f i l l ing . 
S ince the pres sure and temperature of the room varie� from day to day ,  
s ome means  ha s t o  be f ound t o  take into _ a ccount this  cha nge  i n  pres -
sure a nd tempera ture . I t  is  pra ctical ly not possible to ma inta in  the · 
pressure and tempera ture o f  the room constant . However , pressure of  
the gas  inside the tes t  cell  c an  be  conveniently control led . An e qua tion 
can  be devel oped which  determines the required pressure . ins ide the test  
c e l l  in  terms of room pres sure and tempera ture to take into a c count the 
difference  between ambient �nd standard conditions . Thi s  i s  done a s  
fol l ows : 
Always , the pressure ins ide the test cel l  was nearly e qual to one 
a tmosphere and the tempera ture of the ga s was 55°C or more a bove the 
boi l ing point of c3F8 gas . Thus ,  it  can be safely a ssumed tha t c3F8 
gas wa s subj ected to ideal f i l l ing conditions . I t  then fol lows that 
the universal  gas law i s  appl i c able , i . e .  
( 1 )  
where 
Pt = Pressure o f  ga s inside the test cel l in inches of  Hg . a t  
a ny temperature Tt °R .  
P 5  Any specified standard pressure of ga s ins ide the  c e l l 
under spec ified standard tempera ture Ts °R .  
Ve ' = Inside volume of test  ce l l  at  temperature It 0R . 
Ve Ins ide volume of  test  cel l  at  tempera ture Ts 0R .  
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I t  should be noted that number of mol es of  ga s ins i de the c e l l  were 
the s ame under existing conditions . The change in vo lume o f  the test  
cel l wa s a ssumed to be  negl igibl e when heated to  the highest tempera -
ture . Therefore , it fol l ows : 
or 
v ' = v 
c c 
The e qua tion ( 1 ) can be rewritten a s  
Tt Pt = Ps x _  Ts 
( 2 ) 
. ( 3 )  
From equation ( 3 ) , i t  can be interpreted that Pt is  the requ ired pressure 
1 1 Thl· s  1· nsures that the number o f  mol e s  in­of  ga s ins ide the test ce  · 
s ide the test cell  is the same a s  though it were fil led under spec i fied 
c onditions . 
Let the room pressure and temperature be PA inches of Hg . and 
TA 0R. I f  the ce l l  were f i l led a t  room temperature then i t  fol l ows 
that 
The e quation ( 3 ) can  be rewritten a s  
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Therefore , in order to ma inta in  the same number o f  mol e s  o f  ga s ,  
the test c e l l  should  be f i l l ed a t  pressure ( Pt-PA ) above the room pres -
sure . The pressure change needed is  
T 
A p = p t - p A = [ p s x TA - p A] s 
. 
where A P  wa s the pressure change requ ired in inches  of Hg . 
The speci fied standard conditions were as sumed to be 
,. 
P - 28 • 35" of  Hg . s 
T = 80°F or ( 460 + 80 ) 0R 
. s 
Substituting these va lues in  equation ( 5 )  
( TA + 480 )  A p = [ 28 • 3 5  x ( 480 + 80) - PA J 
i f  TA wa s expres sed in  °F .  
( 5 ) 
The l eve ler tubes used to change the pressure ins ide the tes t  cel l 
were f i l led with Si l icone O i l  which had a density of  0 . 870 gm/c c . 
I t  is known tha t Pres sure = dens ity time he ight . S ince mercury 
has a dens i ty of ·13 . 60 gm/cc ,  it  fol lows that 1 . 0" of mercury c olumn 
he ight is  equ a l  to 1 3 • 60 = 1 5 . 6611 of S i l i c one Oil  column . Therefore , 
0 . 870 
if A P  is  expressed in  inches of  S i l icone Oil , equa tion ( 6 ) bec omes : 
( TA + 480 ) 
= 15 . 66 x [ 28 . 35 x (480 + 80) 
PA] inches of  S i l i c one O i l  
Equa tion ( 7 ) g ives the differenc e between the level  o f  S i l i cone 
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Oil in  the l eve ler tubes of  Figure 6.  The positive s ign on A P would  
indica te tha t the leve l in the leveler tube L1 shou ld be l ower tha n the 
tube L2 and vice  versa for a nega tive � ign on A P .  Thus , i t  is  pos ­
s ible  t o  c a l culate th� requ ired pressure change ins ide the tes t  c e l l , 
above or be l ow the room pres sure , by using equa tion ( 7 ) . Thi s  proc edure 
insures  the same number of moles  at every fill ing . 
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DETERMINATION OF THE THERMAL LINEAR EXPANSION OF THE TEST CELLS 
The test  c el l s  were heated to q re l atively high temperature in the 
oven before the electri c  breakdown tests were made . Expans ion of the 
cel l materia l  a t  high tempera ture creates changes in the electrode 
system gap spa c ing . Correction for l ower to higher gap s pa c ings must 
be  ma de . - Thi s was done  by two methods ,  theory and pra ctice . 
Theory 
The change in the l ength A L  is g iven by the fol lowing re la tion : 
( 1 )  
where 
L is the original  length 
Lo is the l inear co-effic ient · o f  thermal 
expans ion 
.. ti... is the change in tempera ture 
The test cel l s  are made of various ma terials  and are cons idered as 
� a c omposite body . The change in  length of  various �omponents was c a l cu-
lated and a dded to  estima te the tota l expans ion of the ce l l . 
A .  Linear expansion of  tes t cell  with sphere to plane e l e ctrode system 
(South Da kota State Univers ity # 56667 ) 
The e lectrode system is nade of steel  and brass . Moreover , expan-
s i on of  the pyrex g l a s s  wal l  v1a s mea sured and the l inear c o -e fficient of 
thermal expans i on for the d ifferent ma terial s  were taken _  from the Phys i ­
Tabl es . For different materia l s , the ca l culati on wa s carried  out a s  fol -
l ows . F ir s t ,  a s svmed temperature rise  of  l00°C and a gap s etting of 100 
mi l l s . 
L For Stee l : 
L0 = 5 . 536 i nches  
N - 1 2 1 0 -5 JO "" • x inches C 
A T = l OO .o0c 
= ( 5 . 536 ) x ( 1 . 2 x 10-5 ) x ( 100 . 0 )  = 0 . 00665 inches 
2.  For Bra s s : 
L0 = 2 . 407 inches 
o{ = 2 . 02 x io-5 inches /0c 
AT = i oo . o0c 
/J. L = L0o( AT 
= ( 2 . 407 ) x ( 2 . 02 x 10-5 ) x ( 1 00 . 0 )  = 0 . 00485 inches 
3.  For Pyrex Gla ss : 
L
0 
= 8 . 0 inches 
o< == 0 . 33 x 10-5 inches / 0c 
A T = ioo0c 
A L = ( s . o )  x ( 0 . 33 x io-5 ) x ( 100 . 0 )  
= 0 . 00265 inches 
The change of gap spa c ing with a tempera ture increas e  of ioo0c 
is  given by : 
'1 LG = ( increase in  meta l l ength ) - ( incre�se in g l a ss  l ength)  
= ( ( 0 . 00665 + 0 . 00485 ) - ( 0 . 00265 ) ]  inches 
= 0 . 00885 inches 
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There fore , the gap spa c ing decreases by the above amount for l00°c 
temperatur e rise . 
Now A Lc;  o . oos5 
· -- - ---
A T  100 . 0  inches/0c 
= 8 . 85 x 10-2 mil s /0c 
B .  Linear expans i on of  the tes t cell  having a point to pla ne  e l ectrode 
system ( South Dakota State Univers ity # 53508 ) 
The c a l cul ati on for this  ce l l  was  carried out in the s ame way a s  
fol lows : 
L For Steel : 
L = 4 . 925 inches 0 
0( -5 I o  = 1 . 2 x 10 i n�hes C .. 
b T  = 10o . o0c 
A L == ( 4 . 925 ) x ( 1 . 2 x io-5 ) x 100 inches 
== 0 . 0059 inches 
2 .  For Bra s s :  
L0 = 1 . 625 inches 
o( = 2 . 02 x io -5 inches 0c 
b. T = ioo . o0c 
f) L  = ( 1 . 625 ) x ( 2 . 02 x 10 -
5 ) x ( 100 . 0) inches 
= 0 . 0033 inches 
3 .  For Pyrex G l a s s :  
L0 = 7 . 937 i nches 
� = 0 . 33 x io-5 inches / 0c 
A T  = 100 . 0°c 
A L = ( 7 . 937 ) x ( 0 . 33 x lo-5 ) x ( 100 . 0 )  inches 
= 0 . 0026 inches 
The change of  gap spac ing LG with temperature woul d  be  
6 LG = [ ( 0 . 0059 + 0 . 0033 ) ( 0 . 0026 )] inches 
= 0 . 0066 inches 
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Therefore , the ga p s pacing decreases by the a bove amount for ioo0c 
temperature r ise . 
Now 
, Pra ctice 
A LG = 
0 . 0066 
= 2 6 . 60 x 10- mils/0 c A T  .1,90 . o  
First ,  the experimental means o f  determining the va lue  of  ALc/L1 T 
wa s done as f ol l ows : The micrometer rea d ing for s phere to plane  
e lectrode wa s taken for zero ga p s etting a nd also  the room tempera ture 
was recorded . The zero gap setting wa s ca l l ed the initial  zero reading . 
Next , the ce l l  wa s pla ced in the oven . The cel l was heated through a 
temperature change of  about 1 25°C . After two hours of  hea ting , the 
tempera ture of the oven wa s a ga in recorded . The oven door wa s then 
quickly opened and the ga p spa c ing  vva.s adj usted to zero a ga in .  The 
rea d ing of the mi crometer was recorded . This was ca l l ed the fina l zero 
read ing . 
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From the above readings , the change in  l ength of  the gap would  be 
A LG = ( fina l zero reading - initia l zero reading ) 
a l so change in _temperature 
A T = ( fina l  temperature - initia l  tempera tur e )  
Now , the va lue o f  �1<;/�T for sphere t o  plane el ectrode test cel l could 
be eas i ly found . This wa s the va lue o f  a zero gap spa c ing  of the test  
cel l ..  However , a correction has to be made in the va lue  of  A Le/AT 
s ince a t  0 . 1 11 gap spa cing , 0 . 1 " l ess- o f  steel  in the micr ometer s crew 
was contributing to  the decrease of  the gap spaci ng a s  compared with the 
zero gap spa c ing . The va lue of AL/AT for 0 . 1 " l ength of s teel  was 
found by theory and was subtracted from the va lue of  ALG/AT at  zero 
gap setting . This  would g ive the va lue of A Lc/AT a t  0 .• 1 "  s pac ing for 
sphere to plane electrode system cel l . I n  the same manner the va lue of  
6Lc/AT wa s determined for point to plane electrode ce l l . Thes e va lues  
are shown in the fol l owing tabl e . 
TABLE 1 1 . The Correcti on Factor for · the Thermal L inear Expansion of 
the Test Cel l s . 
Type of  Test  Cel l 
Sphere to P l ane 
E l ectrode System Cel l  
P oint to P l a in 
E l ectrode System Cel l 
A Lc/ T at 
Zero Spac ing 
mi ls  0c 
0 . 0862 
0 . 0742 
b.L/ T for A LG/  T at 
0 . 1 "  of Steel  0 . 1 1 1  Spac ing 
mil s  0c mil s  0c 
0 . 0020 0 . 0842 
0 . 0012 0 . 0730 
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The theory and pra ctice  va lue agreed very c losely . However , values 
by pra ctic e were used in  the gap setting . In the ca l cu l a tion of  the 
theoretica l va lue , there wa s doubt about the exact  kind o f  mater ia l s  in 
the cel l s . Al so , the e ffect of expansion . of the bol ts wa s neglected . 
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THERNOCOUPLE CONSTRUCTION AND DETERMI NATION 
OF THE TEST CELL HEATING TIME 
A . Therm o c ou p l e  Cons tr u c t i on a nd Tempera ture Mea surement 
104 
The measurement of tempera ture ins ide the oven wa s done by u s ing 
i ron - consta nt an in the rmocoup l es .  The the rmocoup l es wi re was cove red by 
g l a s s  and a sbe s t os . Ten ident i c a l  thermocou pl e s  were us e d  and pos i t i on · 
o f  the ir hot j u nc tions i n s ide the OY.en i s  shown i n  F i g ur e  23. The l eads 
from the thermoc oupl e s  were connected to one s i de o f  a wood c o l d  
j u n c t i on termina l board . The l eads from the other s id e  o f  the termina l 
board were c onnected to a Leeds and Northrup Mi l l ivol t po t e nt i ome ter 
thr ou gh an e l eve n pos i t ion rota ry s e l e c tor swi tch . The s e l e c tor swi t c h  
ha s o n e  " o f f" po s i t ion whereby the mil l ivol t pot e nt i ome ter i s  d i s c o n ­
n e c ted from t h e  thermocoupl e s . Thi s  " o f f "  po s i ti on i s  u ti l i ze d  dur i ng 
the ca l ibra t i on of tbe po tent i ome ter . The other ten pos i t i o n s  on the 
s e l e c tor swi tc h  permits rea d i ng of the thermo -emf deve l oped betwe en the 
c o l d  and h o t  j unct i on on a ny one of the ten thermocoupl e s . The temper­
a ture wa s mon i tored by a n  ord inary -20°c to ioo0c mercury thermometer 
po s i ti oned d i rectly above the wo od term ina l boa rd . 
The m i l l ivo l t  potenti ometer wa s equ i pped with a re ference ( c ol d  
j unc t i on )  compensa tor . The compensa tor c ircuit c a n  b e  a d j u s te d  t o  
deve l op a n  equa l a nd oppos i te vol ta ge a t  the co l d  j un c t�on . Th i s  ma kes 
pos s i b l e  a d ir e c t  reading of emf devel oped at the ho t j unc t i on s  wh i c h  
are l o c a ted i n s ide the oven . The emf d eve l oped a t  the ho t j un c t i on i s  
d ire c t l y  propor t i ona l t o  the temper ature o f  the oven . Th
e S ta ndard 
Hg Thermomete� 
, ,  , ,  , ·\ , \. 
Millivolt Potentiometer 
Rotary S witch 
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Fig . 2 3 . Location of Thermoc ouples and Thermocouple C ircuit Diagram 
Used. to Measure Temperature Ins ide the Oven . 
Tabl e for iron -constant in  thermocoupl es is arranged so  that for a 
g iven temperature , a mi l l ivol t  read ing can be obta ined . Convers e ly ,  
i f  the Standard Table were arranged so that with a g iven mi l l ivol t 
va lue , a corresponding temperature could  be found , more c onvenience 
106 
is poss ibl e .  Thi s was accompl ished by writing a computer program which 
inverte<l the S ta ndard Tabl e as wel l  as  performing l inear interpolation 
between the mil l ivol t va lues . 
B .  Determina tion of Test Cel l  Heating Time 
The ten thermocouple s  were pl a ced in various locations ins ide the 
oven as shown in Figure 23 . The maximum temper ature to which  the test  
cel l was hea ted was about 150°C .  I n itial ly , when the oven was adju sted 
for J 5ooc tempera ture , some thermocouples gave different readings 
because of  non-uni form . heating ins ide the oven . However , a fter · about 
,,, 
50 minutes a l l  the thermocouples gave the same read ing . Another a l -
l owance of  30 minutes wa s given for the ce l l  to rea ch uniform tempera ­
ture in the oven . The author bel i eves tha t a hea ting t ime o f  about 80 
minutes would  be sufficient for the test cell  to rea ch maximum anti c i -
pa ted oven temperature • . The heating time of  the gas c e l l pra ctica l l y  
agrees with the conclus ion  of  Edward J. Roman . 8 
